WD 2004/ 077608 PCTI US2004/ 004399 ANTENNA FOR PRODUCI NG UNI FORM PROCESS
RATES Background of the Invention The present invention relates to

appar at us MR2MEPHEWs for processing substrates such as PEAH2HHIEIBr
substrates for use in IC fabrication or glass panels 5 for use in flat
panel display appli 0 Ep Lcul ar ' I on
relates to |rrproved‘ﬁN,E' .u%.%@i%w. ;;Jéﬂg&’% @&E&M
processing substrates with a hi h degree of proce$S| ng uniformty across

t he substrate surface. AL &ve been around for sone
time. Over the years, plasm proce55| ng systems ut| lizing inductively

coupl ed plasma sou AR ﬁ)g(ggg ur ces,
capacitive SourCes%@ﬁdes%;fﬁéﬁanr%%s%%%?gﬁfaﬁﬁr?@? uced?or enplﬁ%yed to
various degr essbstatep sushessemawndandtanbsirataubs tivedh &6 fanitatigl asgassqmﬁéls
During processing, | tiple, deposition and/ or steps are typically
enpl oyed. 3Dur ?Fdlsaé‘bnﬁ%tlﬂaﬁﬂﬁhsﬂ(i& 5‘8@@“‘% M%B%F‘Bé‘@g &b Rregent yIyeBGeH o
surface (suchg exanpl e,
deposited | ayer ééi:uc a@’eé ri ou %rs%égoﬁ ﬁ%éﬁﬁee%aplle\éggﬁ?%om silicon
nitride, metaksbstmtds i d higledemye dfprodeasing dnidorntityeacsask fimombstaté hﬁface.

substrate. Conversely, etching nay be enployed to selectively renove

materials from pregJ fined areas on tflg bstrate urface Faor exanpl e,
etched features suélSHeE PRoSSSINGHRteRst Fem: 4T 550G/ tile FAYPNME YEHSt he

20 | ayers of r ng uses
an i nductive E%ﬁ?%?%gﬂgge& r¥erat elﬂfii% %@%&?E@e@ﬁhﬁ#ﬁ%@ﬁ%@gﬁoﬁn or art
i nduct i vetopl asymotpsroesssheg(BERIGborces, tafhcithatsoines) aad tedikepha®@en
processing. A typical inductive plasma processing reactor includes a
chanber 102 wittPdusedARd SHIPIONSH to MeriRusidgareesio pragyss sanaisendugtos pehsirates agd
dielectric Wgﬂ él\%aL fi. Typically, antenna 104 is operatively coupled to a
first RF po urce 108. Furthernore, a gas port 110 is provided within
chanber 102 that is arranged for rel easi ng gaseous source nateri al s, e.g.,
the etchant sour celDysing procesirg, trivitipl&Ecpasitioned ol axhingsept are theicuiee
dielectric wndow 106_and a substrate 112. Substrate 112 is int roduced into
chanber 102 aﬁ@p}ﬂyg%ogglang)@ppgs@ﬁgépatquls argjeppsitedpnto a substrate surface (such

15 as the surface of a glass panel or a wafer). For example, deposited layers such as

various forms of silicon, silicon dioxide, silicon nitride, metals and the like may be
formed on the surface of the substrate. Conversely, etching may be employed to
selectively remove materials from predefined areas on the substrate surface. For
example, etched features such as vias, contacts, or frenches may be formed in the

20  layers of the substrate.

One particular method of plasma processing uses an inductive source to

generate the plasma. FIG. 1 illustrates a prior art inductive plasma processing reactor
100 that is used for plasma processing, A typical inductive plasma processing reactor
includes a chamber 102 with an antenna or inductive coil 104 disposed above a

25 dielectric window 106. Typically, antenna 104 is operatively coupled to a first RF
power source 108. Furthermore, a gas port 110 is provided within chamber 102 that is
arranged for releasing gaseous source materials, e.g., the etchant source gases, into the
RF-induced plasma region between dielectric window 106 and a substrate 112.
Substrate 112 is infroduced into chamber 102 and disposed on a chuck 114, which
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I WD 2004/ 077608 PCTI US2004/ 004399 generally acts as an electrode and is
operatively coupled to a second RF power source 116. In order to create a
pl asma, a POWeHE768s i s i nput into chanber 102 through PEALISEHM004599)
Power is then supplied to inductive coil 104 using first RF power source 5
108. The suppli Ed%lFF ener gy, cou | es .through the dielectric window 106 and a
| arge el ect ri ESRFTEIPGES B0ds 3 13 QPR KB FouRies to prFeP PPYVELIOMES | n
response to theg electric field, a circulating current is induced in
chanmber 102. The electric field accelerates the small nunber of electrons
present inside the chanber causing themto collide with the gas nol ecul es
of the process gaslnTilest woild 4 plasms, a@ecdss gagis inpai nf clomated 162 dhrowght | at i on
of a discharge or 118. ,As is.well, known i he .art,, e neutral gas
ol ecul o of DEPRT BB S GABAIBIE kS coRALETSEE B R Rbrwseaer el ds
| ose el egtrongg, ?H@'_stgﬁﬁké&lzﬁ%ﬁé@gc bd %ﬁf@ﬁ%l thB &lcBetic Wiklow D6 AN G et
positively charged 10ns, negative charged el ectrons and neutral ggs

mol ecul es ( andleotricdiebdrs)induced insuletchambel §02s Meretsperifidalignin ieiBonsdso gieon as
the creation rate o ree el ectrons 15 exceeds their_loss rate, _the plasma
ignites. mcee@ﬁ*élc;ﬁeéiﬁ&“ﬁ%u%we%}sﬂ% ,Gegé‘h?lfaﬂ ebé@?-ﬁ’ﬁé’@&%ﬁ?lﬁsi de the
plasme tend bosofal 186ha nhMBBY Sk dREnS Wb fnshlo che\ehaBitRP bR mblK ey _of
exanpl e, one of the mechanismcontributing to the presence o e neutrals
gas nol ecul esceliidé hith theigmtmalemlosrf theprdiést was. oThebe c@llisiohdresulafidionizanye nent
of nolecul es insjde the 20 chanber). Thus, a |ayer of neutral species

(e.g., neldtrafdypitishionod adischargegr plosma h19. s ipwell dnewn i Begth the nsukelace of
Substrate 112 ' L d, ions
tend to accel g?sg@éfe;é@\%gﬁﬁgggt%esg s?’gl g’?%‘ﬁlﬁﬁ%‘?&e‘%ﬁﬁé&ggﬁ?ﬁﬁl&g%d&% F%a i J(;)SrilQJ W th
neutral speci eleirai) antblesve ehindtpokitivelyrobagkd tns. Ase rpsudppednivélathdped been
encountered with inductive plasma systens, such 25 as the one nentioned

above, has beis\ipepavslpeiarged elcirons and patmbgarapelecules(gad/or emskyBst r at e,
. 9., - upi [ T | t
S 107 RAEERES R T S5 LGB AL BUEBEBHG 2

etched differe
di fficul tist o efrbdoheir dds rdgtdphansigaisoci ated with the integrated
circuit, i.e., critical dinmensions, aspect ratios, and the |ike.

Additionally, a non-uniformetch rate may |lead to device failure
: Once the plasma has been formed, neutral gas molecules inside the plasma

-

f=i

=)

tend to be direcied towards the surface of the substrate. By way of example, one of
the mechanism contributing to the presence of the neuirals gas molecules at the
substrate may be diffusion (i.e., the random movement of molecules inside the

20 chamber). Thus, a layer of neutral species (e.g., neutral gas molecules) may typically
be found along the surface of substrate 112. Correspondingly, when bottom electrode
114 is powered, ions tend to accelerate towards the substrate where they, in

combination with neutral species, activate the etching reaction.

One problem that has been encountered with inductive plasma systems, such
25 as the one mentioned above, has been variations in the etch performance across the
substrate, .g., a non-uniform etch rate. That is, one area of the substrate gets etched
differently than another area. As aresult, it is extremely difficult to confrol the
parameters associated with the integrated circuit, i.e., critical dimensions, aspect
ratios, and the like. Additionally, a non-uniform etcil rate may lead to device failure

30  inthe semiconductor circuit, which typically translates into higher costs for the
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30 in the sem conductor circuit, which typically translates into higher
costs for the -2 WO 2004/077608 PCT/ US2004/ 004399 manufacturer. Moreover,
t here al soVx?08¢/0%6¥er i ssues of concern such as the oved&T/US28440H4304t e,
etch profile, mcro-loading, selectivity, and the like. In recent years, it
has been found that, the non-uni form etch.rates be the, result of
variations in™ %ngrn;\ﬁargﬂgﬁrt @‘e caﬁ%’s%‘m? ﬂgxegﬁf:qegg)gxgqce{qﬂmg%g}erogﬁ i e,
a 5 plasma thatchha®, éB0hRIASe, Witld-1BEAas BEleMivilyCaRPihe BUNL S Of reactive |
species (e.g., positively charged ions). Wiife not w shing to be bound by
theory, it is believed that the variations in plasm density are created
by asymmetries t hatinzgcenifysansoit has bdse foynditbat thesa mendusfoon echastextmey bsthecs of

t he power coupling..e.q., antenna, the .dielectric .w ndow _and/or plasma.
1t e pover - STGE G Fions B hEa e SR bptRG et SRS bieteg e
circul ating cydsgitthfthal RRidne MEEHeRbas sk dhidthe Wirbdet e ric, and
t herefore thg’ is_qni zatioir:]é%}ind nitiation of the pl agbn%u\?mglsﬁé e a'g'iln’metri c.
As a result, wasitistly chaged iong)hVhilasotevishing ia iye bauint blydheomy, dtisbeliedd thear
exanpl e, sone_,ant enna arran eaﬁlq%iﬁreari nduce.,a current that i rong in the

center of t he T&YAFLOns{n 6%@?887”&?9@?1@?“‘3%&# ﬁ’@lfg‘ﬁ}sqtmt c
Cor r espondi Nglywet fghshli AFFFHA ARSI &fﬂg@s@%gsﬂ%ﬂ@%.g ahldfind QY i Bhict e

15 process chanber (as shown in FIG 1

t echni que for mu@vcb I amilio gphm;a.s!frthepmﬁr&rqoupﬂmg‘ is @syphrh etlg?chiastanﬁmteﬁeésenthatf
conpensat e or _bal.ance out the_gsy tries., For e e, using a pair o
pl anar anfennf¥ (‘tl?es‘—uf%%s SurLent of gledggu‘racéﬂ Pﬁﬁé‘ﬁéoeicllwﬁfg‘??@é(}@w&é‘ﬁ@ therefars

j oi ning radi ak,e BEBRES SaridQnRiafiY r ' . s at
different r ad!ﬂ}e,lgglar yil ng ?ﬂ% aggﬂ {)ﬁhg?%%@% Q@%l%'? ﬁgﬁéﬁe&b%ﬁc&%{hg’%ﬁ}é@g}g
decrease t he tuiheisnrieieasityywidl bestncongeredlr Famdxamples 8Gme bidtemveirangaegs

bal anci ng techrb: ques teng not to prﬁl\éi de an_azinuthally symretric power
coupl i ng. ThatfiGuse 2 FREsat 443t 19 stiopg dp ths crafgofihe poimand Jycak at thy opish diamesar

| ead to vari ati N | i LE L i tch
unifor iy, Bt Saver CoRSsaniR, Wl BARSo hadtberks fllabos e SAHE AT 00
of 25 capaci t paeessahpinbaabsomaein RIGel dppksma 1a8)d the plasma. Capacitive
coupling is created by a voltage drop between the antenna and the plasna.
The vol tage drop [ﬁ;gl cal Ig fﬁaims a sheath voltage at ,or near the coupling
wi ndow. For the rmosie giandard tachpique iy ONCieaming A aSSRRIS TGP CORRIngee bot t om

el ectrode been to compensate or balance out the asymmetries. For example, using a pair of

planar antennas to increase the current density at weak current areas, joining radial
members to a spiral antenna to form more circular loops at different radii , varying the
20  thickness of the dielectric window to decrease the current density at strong current
areas. However, these balancing techniques tend not to provide an azimuthally
symmetric power coupling. That is, they still tend to have azithmuthal variations that

lead to variations in the plasma, which makes it difficult to obtain etch uniformity.

Moreover, most antenna arrangements used today form some type of
25 capacitive coupling between the antenna and the plasma. Capacitive coupling is
created by a voltage drop between the antenna and the plasma. The voltage drop
typically forms a sheath voltage at or near the coupling window. For the most part,
the sheath voltagg tends to act like the bottom electrode (powered). That is, the ions

in the plasma tend to be accelerated across the sheath, and therefore accelerate



(powered). That is, the ions in the plasma tend to be accel erated across
the sheath, and therefore accelerate -3 WO 2004/ 077608 PCT/ US2004/ 004399
towar ds t h&Vh2Wa07%e y charged coupling wi ndow. As a resUlQT/US26@4/004399
accelerating ions tend to bonbard the surface of the coupl i ng wi ndow.

These bonbarding | wi | ntlal the sa ffect on the
coupling wi n&%‘gﬁﬁgﬁf“’ﬁ%ﬂ% cﬁ]a{ge Cg é(}/w 2 1o, 1o A0eq er@ﬂ“f&]’é’PS etch
or deposit W&@fd't@'boﬁliaﬁdﬁﬁesxﬁfa‘é@'épﬂie%uﬁldﬂg‘i%dw.rface Thls nmay produce
undesi rabl e and/ or unpredi ctable results. For exanple, deposited materi al

may accunul ate on the coupling wi ndow and becone the source of harnful
particul ate, es peC| éﬁﬂe;bommlﬂm&!@ﬁ wall ha‘r%ﬁabstanﬁaﬂydh@ m&ﬁ'@umﬂxeameplmg

face. R h
o feot . Event TAPTRY R e o op BiERb BFu 3 e Bl et et mRiesiplin o
process vay i at:bﬂmmg vﬂaﬁd&@rsumn'piugmawﬂda@e REYRIraBle ﬁﬂé’H} ﬁlﬁirétﬁct%leﬁ?é‘sﬁitbes of

the power coupling (e.g., antenna, dielectric w ndow, plasna).
ment i oned, pr dorempe, |dap¢smlnd myeﬂaémy aecumvdate on rtﬁemomtpbng)we:ﬂbmﬁg;d hshomb

lead to deV| c fail ur conduc r circ of  the

f or egoi ng, 0 &ch %qurﬁgﬂ% ’e‘?ﬁp‘??é o"&%enam e ﬂ&k&‘ﬁ? ﬁngEto ther

pr oduci ng uni E@Jsﬁ‘aférsﬁﬁE&S'Rkﬁ’n&tm% ﬁateﬁwrﬁ@}ﬁ%ﬁoubgﬁgmwmavéé sEHIERr Yy of
the I nvention The invention rela i n one enbodi hent to an antenna
arrangenent  &ffectgEnentualiyy thedncredseor deeredse @ thickmsssdeillcapsaomrosss ohdation;

t hrough a _win t he ant enna arran enent co rlses an outer

W, ner al |
| oop, confr i s? ﬁmﬁe ’élttﬁ?)ﬁgﬁ?r rAnSBESSIO PRORFFESS &F%"ﬁiﬁ pigdfiLenna axis,
an i nner |°°pant€ﬂ{£pﬁie§éc i Finkiblblabr)° A QRioR0Y, (B Rs S ARESH tha ikt e
antenna axis, wheréin t e i nner’ Toop’is c oser antenna “axi s than
t he outer Ioopomﬂnﬂfanm precessingnwhichtead to dexaee:faﬂam mhehﬁrmmﬂcmcﬂor Cifcuiand a
radial connector radially electrically connecting the outer loop to the

i nner | oop, wherein the adi al conpect or Iaced e di stance from

Lhe vi ndow The | niLHET of tclomesiie Meres drrel cRporeaibats o

processing 2&y Wﬁfgqﬁuf ﬁ%&&ﬁéét%ﬁlr‘%@ﬁﬂh@tsﬁbsugﬁ?era' I y, a process
whi ¢

chanber is provided in asma is both ignited and sustained for
the processing. A window forns a side of the process chanber configured to
al | ow t helspassage of said RF enerSummarwof the Invention

- The mmvention relates, in one embodiment to an antenna arrangement
for generating an electric field inside a process chamber through a window.
Generally, the antenna arrangement comprises an outer loop, comprising a first outer
loop turn disposed around an antenna axis, an inner loop, comprising a first inner loop
20 turn disposed around the antenna axis, wherein the imner loop is closer to the antenna
axis than the outer loop is to the antenna axis in each azimuthal direction, and a radial
connector radially electrically connecting the outer loop to the inner loop, wherein the

radial connector is placed a large distance from the window.

The invention relates, in another embodiment to a plasma processing
25  apparatus for processing a substrate. Generally, a process chamber is provided in
which a plasma is both ignited and sustained for the processing. A window forms a
side of the process chamber configured to allow the passage of said RF energy into
- said ﬁrocess chamber. A multi-layered antenna is adjacent to the window and

configured to produce an electric field via RF energy inside said process chamber,
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sai d process chanber. A nmulti-layered antenna is adjacent to the w ndow and
configured to produce an electric field via RF energy inside said process
chanber. - ODIPZOU4I077608 PCT/ US2004/ 004399 The nul ti - IPGTAIS280084398
conprises an outer |loop, conprising a first outer |loop tam disposed around

t he antenna axi.s, , Jnner 1 oop, cqonprising a first_inner |loop turn
di sposed ar ouf'dﬁftlﬂﬁpﬁaﬂ%’%ﬁﬁ?na% QMPHFEE A PRECE 1084 SRS FHliTss owiEloep tith t he

antenna axis § d D8 ufiR ant i n ﬁﬂ]@% =N i_mut hal
direction, and gﬁrggdi al 5f cgﬁr?ﬁelg?gj?é’r%m%% é{:ec rl%%%gt(@%nﬁﬁgogpﬁ t he
outer |oop to dismsedumennd thepntenhe pxs,whdsen tHedthhearloGORREBEOW the abRGeRiR

| ar ge di stance fr%mthe wi ndow, Brief Descriptign of the Draw ngs The
present i nventfahBeQUer fopps ig Wig aplponpgrinm eagh agmuthal digection, g avagiabf

limtationg i i £ i i .and.in ich Like
reference lorbr??}?rgcrt(gﬂl Yg&?g? eelr%tf%g@f %%g@gﬁ%én@ﬁ?ggwf n'igﬁ I@Rﬁ%’ » B ey the
illustrates a wdiabsonasdtos is lentd ¥ darpd distiBcafi®a @xswirdoweact or that is used
for plasma processing. FIG 2 illustrates a plasm processing system

including an antenna arrangengnt and a coupling w ndow arrangenment, in
accordance with one 15 enbodi fiiel e ddravwingntion. FIG 3 is a

Dascripdon phtd
schematic illustration of a partial antenna turn with a gap. FIG 4 is a

schematic illustratqy ;
illustrates the wlwgr%fﬁ%ﬁgg%ﬁetmalggirur@gﬁgaé g’t%yalf% a%c%g%lggﬁﬁ@zogne
enbodi ment of limiatipnemehe figwes of theaccodtpahyify dfawisgpandrio Sehigehkitd lefaéncsi de
view of the multi-turn antenna arrangengnt.. FIG 7 is a cross sectional
side view'df (RS pefer it samla o S9Rd VREBw, in  accordance with one
enbodi nent of the present invention. FIG 8 is perspective view of a

mul ti-turn antenna L | I : N n
enl arged section of@{}hgnhnﬁﬁtg?g? %ﬁgﬁ?{éﬁ'}g&gfﬂ%@@?&smé§%{%Z}%%€08
PCTI US2004/ 004888 asma processing,

FIG. 2 illustrates a plasma processing system, including an antenna
arrangement and a coupling window arrangement, in accordance with one

15 embodiment of the present invention.
FIG. 3 is a schematic illustration of a partial antenna turn with a gap.
FIG. 4 15 a schematic illustration of 2 multi-turn antenna arrangement.

FIG. 5 illustrates the multi-turn antenna arrangement, in accordance with one

embodiment of the present invention.
20 FIG. 6 is a cross sectional side view of the multi-turn antenna arrangement.

FIG. 7 is a cross sectional side view of the multi-layered coupling window, in

accordance with one embodiment of the present invention,

FIG. 8 is perspective view of a multi-turn antenna of an embodiment of the

invention.

25 FIG. 9 is an enlarged section of the multi-turn antenna of FIG. 8.



FIG 10 is a top viewof a third turn. FIG 11 is top view of a fourth
turn. FIG 12 is a top view of an upper connector above the fourth turn.
FIG 13 iswadopomsldw of a second turn. 5 FIG 14 is a t ®@IVIR0048P4389f i r St
turn. FIG 15 is a top view of a second upper connector above the first
turn. FIG 16 is a cross-sectional view of turns with an insul ator

di sposed there betFKiGeh? isriigp view ¢fa thirddwrss sectional view of part of a
third turn and fourth turn used in 10 another enbodi ment of the invention.
FIG 18 is a view t he. devi ce sho in FIG 17 with a passive antenna.
FIG 19 is a top v&g@ Eflsao%ﬁe%o %nﬁﬁdéﬁﬁn FIG 20 is a schematic view of
anot her enbodi nent of the invention. Detailed Description of Preferred
Enbodi ments 15 The HiGe$2na fof Wil dfdh ubipbt coreetbieatdes aid foedh tuim.det ai | with
reference to a few preferred enbodinents thereof and as illustrated in the
acconpanying drawings. In the_ foll|low ng description, nunerous specific
details are set forf&ﬁ- L% 1507 igB vieweols WePREUEL t hor ough under st andi ng of t he
present invention. It will be obvious, however, to one skilled in the art,
t hat the gsresent irﬁf@”ﬁh%@ﬁﬁ%&%@f@ﬁﬁ{ wi t hout sone or all of 20 these
specific details. I'n"other Thstances, well known process steps have not
been described in detail in order not to unnecessarily obscure the present
i nvention. |n procdd6i h§issop tviext €y secomel Mfpet bennetiet abhavediid frst tupar anet er s
that process engineers strive to inprove is process uniformty. As the

termis enployed h in . etch un.formt efers.to.the uni.formty of the
entire etch proces?rI ciéw%rﬂ%-%m@[%ﬁoﬂW@%AM% sposgc]it oIS

PCT/ US2004/ 00%%@9% surface including etch rate, mcrol oading, mask
selectivity, un erPayer selectivity, critical dinension control, and
profile characteristics |like sidewall angle and roughness. If the etch is
hi ghl'y uni form f orFI&x&h egrosstsectivnakypewtof patt bia tititdetust add foatte bun ased in

different points_ on t e'SquSf;f;'rﬁt'e tend to be substantially equal. In this
case, it 1% | gagthsrem P PIROHECIHOBa of the substrate will be unduly
over-etched whil e other areas

FIG. 18 is a view of the device shown in FIG. 17 with a passive antenna.
FIG. 19 is a top view of a faraday shield.
FIG. 20 is a schematic view of another embodiment of the invention.

Detailed Description of Preferred Embodiments

15 The present invention will now be described in detail with reference to a few
preferred embodiments thereof and as illustrated in the accompanying drawings. In
the following description, numerous specific details are set forth in order to provide a
thorough understanding of the present invention. It will be obvious, however, to one
skilled in the art, that the present invention may be practiced without some or all of
20  these specific details. In other instances, well known process steps have not been

described in detail in order not to unnecessarily obscure the present invention.

In processing substrates, one of the most important parameters that process
engineers strive to improve is process uniformity. As the term is employed herein,

etch uniformity refers to the uniformity of the entire etch process across the substrate
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remai n i nadequately etched. The present invention provides a plasma
processi ng system for processing substrates that is capable of producing a
uni f or m et W 2094@77p08asma pr ocessi ng system includes an RETHGARM/O863Pce and
a process chanmber. The plasma processing system 10 further includes a

substantially cifculaf antenna operatively coupled to the RF power source
and di sposed ’é“’{b’fiﬁ’rﬁeﬁt Feﬂ%prgl)gaa@ngﬂggq%rsg{e@um pndeslayer ssleetivite i s

di sposed wi t hin: . : ' r ' . tially
circul ar anten%gkgﬁﬂ%g%ﬁgﬁmh g"."%@%%‘g&gﬁ%ﬁé’gg’f‘?glﬁg‘?’a?r%‘s%tleﬁ dde t he
process chanbeabugidebs. RF theretetols high@nai finadfde exihplet ivapested Didf 8 otchiiftes

substantially circular antenna has at least a 15 first pair of concentric

| oops in a firéddiffrgHoints enthssubsiate ters tocdsrivbsientially canals In thiscase,dtisriess

pl ane is plac [ t L ' f_concentni.c l.oops. The
first pai r_%of qﬂ(gg}r}géﬁ ﬂ%ia(%%nooftgtﬂ)%g@%%&f’h@l&gg?&%ﬁgﬁg&ﬁ%@ﬁé’%@@mq ia’éeaFoops are
substanti al | y regeintinediquaely etdigdnetrically aligned with one another along a
common axi s. The radial connections between the concentric turns in each

| oop required to drjve current jn the sane 20 direction in all |oops are

pl aced a | arge di stEifdueseabinyenrionprorddas alasmapropessingsysien fon pyogessing
Preferably, radi r w ndow and near to
cach  other 1 o RRICLalBICh RS il cBE TR R e R e g
fields. The pliactdesph®IEpeEGoas bedh bictdiehainberl. UDRS1AnGGHBddsEEg WhiaW

di sposed between the antenna and the process chanber. The coupling w ndow
i s confi gt ed fdherdncludas ssubsiantisdly shglarmieana operagyely comnledio theREmeavero t he

interior of t . rt he ¢ Lin ,.ndaw has a first

| ayer and a sgg%l%é%@é%?&@%g&esaeg%%eﬁq%%%y F@@Sﬁﬁ \aﬂ?nevﬂ}e F'g’spgftaﬁdﬁe t he

vol tage drop fapaesl withineBRsplobess whamitu e itocdskifg PTIRSsiBsttiaAp G ERNbN Shtddna

| east a portion of the voltage that passes through the coupling w ndow.
The subst ant i a3 ¢nfiguredip ardusn ee pleetrigdigldiaside dhampbresg chambbo withRY eergy r anged

to work together t or,m azi nmut hal syymetri.c plgsma, inside the, process
15V 2004] o7 ReBTRLTT SRR BPEEAYYEY dheRETERLY FrdF Reha e taE ol 1y
uni f or m prpcegistiirerashantid 106pSlafaslafe. tA8cond Bek bAbdhcertthc %@%‘B‘ane
wi th one aspect of the present invention, process uniformty across the

substrat e sur Seesadiplangdhplavestiniyglapiorotei the At aair ofipereesidic doupsnThe first pair of

concentric loops and the second pair of concentric loops are substantially identical and

symmetrically aligned with one another along a common axis. The radial connections
between the concentric turns in each loop required to drive current in the same

20  direction in all loops are placed a large distance from the window and the concentric
loops. Preferably, radial connectors are placed far from the window and near to each

other to provide opposing currents and some canceling of resulting fields.

The plasma processing system further includes a coupling window disposed
between the antenna and the process chamber. The coupling window is configured to
25  allow the passage of RF energy from the antenna to the interior of the process
chamber. Further, the coupling window has a first layer and a second layer. The
second layer is configured to reduce the voltage drop formed between the window and
the plasma by absorbing at least a portion of the voltage that passes through the
coupling window. The substantially circular antenna and said coupling window are

30  arranged to work together to form an azimuthally symmetric plasma inside the process



5 arrangenment configured for producing a uniform plasma. As nentioned,
power is supplied to an antenna to induce an electric field and,
consequent two 20a4/€i7608ul at i ng el ectric current inside a pPETASROGHA4BLY .
Correspondingly, the electric field accelerates the electrons in the
process chanber causing themto collide with the gas nolecules of the
process gas, whingherdbatprodised 2 subsiantially wi@rinpredess ate ackess thessmface afthe
Fol | owi ng t he r%a%ion of the plasma, power is supplied to a | ower

el ectrode anﬁﬁl? &% ons are accelerated towards the substrate. The

accel erated ions and neutral reactants at the surface of the substrate
react with the nat¢hbéosdailc6 Wb 0fle Bebive thepiesdnt bivention, pakesandfothy ef or e
process the substrate. In general, when the density of the plasma Is
greater at onacwstthesnbiityte wrlbes isackieved hyanovidinednimproyedgsterad e will be 15

produced. Accordingl t [ oved an rrangement is configured to
Peauce: i oo Apf@fich et RE G4 AR £RR0A FAGHERRinch ol bkt S
el ectric fiel duppiied to biBAEHANE iRTRE df Blediri¥TTch] 4tH, EQsBRNAG SSSrdubliRg The

i nvention provides an antenna built to as best satisfy the follow ng rules:
1) Conpensat e efegiricaturren inside g peocesa ahiaaber: (roreaspendinglndbheleciria figld h an

azi muthal 20 current placed as. ¢l ose as possible.to.the nm ssing.segnent or
Gap. 2)  Cancerteaigiae e M fandhe Be RS SRR Tate e oGl e B BRRd as
cl ose as_possifiiGouldlof 1RER0ARE pasAHNTIK 3% retFViBHRE drfd iAHiafe8 Fhe Sh@AENtS Wi th
their private flux far fromthe window even if they are conpensated
nearby. |In one enbodi nent, the inproved antenna is configured to produce a
25 circul #ting cur FeHowingdhe ereatipn ofithplesma.ppiiee isrsupplieditp ladower eledtedeng t o
be bound by theqry, it is believed t transm.ssion.line.characteristics
of the pover cBuARR tp atelr R sURAE ORE PR HET i AOR R
current in resnERSE dt thd MBRbGURE SRt 8© rEdct withehSmatei iR ABspbsNGMESi on | i ne
characteristics tend to produce standing waves that form fluctuating areas

of high and | cubstnatesarfaceadrsliberefose promegshhosubstiage.aht ganaral, witindhe density 8f | WO
2004/ 077608 P&Ié? 8200.4( 00439? resuéit formf‘_ uct ua_ti. _ar eas of hiiﬂtg) and

| ow current dEHFIETRAISEEAF S PR AR P SRS 3 RPIPRHOR ROCCR Wilge

vol tage ig hi gﬁbdu%étﬁ &wo&ciﬁfiélz,' fhe ERPEAEA aBRD oAl 20GnfBulAe ridiee

current is hi s we nown to those skilled in the art, power

deposi ti on i ntles¢ plsma variations by inducing an azimuthally symmetric electric field, and

therefore produce a more uniform process rate.

The invention provides an antenna built to as best satisfy the following rules:
1) Compensate for all missing azimuthal currents in each turn with an azimuthal
20 current placed as close as possible to the missing segment or gap. 2) Cancel all non-
azimuthal currents with counter currents placed as close as possible. 3) Keep non-
azimuthal asymmetric current elements with their private flux far from the window

even if they are compensated nearby.

In one embodiment, the improved antenna is configured to produce a
25  circulating current that is azimuthally symmetric. While not wishing to be bound by
theory, it is believed that transmission line characteristics of the power coupling create
azimuthal variations in the circulating current in response to the induced electric field.
These fransmission line characteristics tend to produce standing waves that form

fluctuating areas of high and low voltage along the length of the antenna, which as a
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pl asma depends on the current density. For exanple, where the current
density is high 5 the plasnma density tends to be high and where the current
density isyw@¥olPetd asma  density tends to be | ow. Accormimigi2g)4/(a#99
azinmuthally asymmetric plasnma is typically produced when the current
density has fluctuating areas of high and | ow current. To be nore specific,
when t he wavel eadt fornaffluchetiRFaeaeoiiyigh sndlowl dugrent deapitishin the énbyeed electtine

t des. wi | | gt t andi (! . .10 |1y,
St andi ng ey eshelic ot BN SR ik it FBrrl PR ARG PBrBE YoUaee FaRG: fre-
(wavel engt h) * NoustielsGidh. Ad zi? %Vemga% tefthdaegﬁped MaRE 2@ AeFEHRRARRPIRE S

are about 11 Yowavel engths 1n ength, and as a result produce
about 3 to 5 plasiesdepbhéssen the dasernt densiiyp Fodetamiiiéy aviiconthe shirenfatensityhis highe d

f0°" 15 behave {8 PIssra AsedD SrAdedp b BB Pohet e EpONARIaT oY Goafein
rather than a %érfsﬁﬂ?fe%sst%'b%%‘!v' @&coxjﬁg%?%y,{aﬁg%ﬁﬁi&dﬂ 18800855 typically

configured to have’ an apparent  len s s er thakn t he wavel engt h

of the -RF energydadediviendipedaicntdersite ueficyuatindareas ofkigh tand idvecamamnt  of
nodes is reduced and therefore, the azinmuthal variations of the induced

t bstanti al | limnated and the t LSS | i
50'1 onger ol ds. | ni® RemErGBe R e avpregba B ke btryRama e 2
mul ti-turn anfeﬁ aofﬁﬁaafn]te%ﬁﬁgt}ok%ﬁgdeé ﬁg&%&%g BR8P Rawe PRGerAUl ti -turn

o

antenna is a subStanti a e con Ive el enment "that “i ncludes a
pluralityiof | Gepgallybiaadingmaves ars gbyernaiindhe aqohtioh xmitenhaelegtidakblengiBy= /2

cl osely wi nding and stacking the | oops togg%er the overall 25 size (e.g.,
outer di amet ergw%@e!lﬁ@*@nw@?ﬁ?él Triipduinphege 5. Most ARG ATAREIENS A1 he

strength of tgﬁqoi Eggfﬁl Bhol %L@gn%ﬁlgg{%%%ﬂ&wﬂesuﬁ?r%é &1t R0 5he

size of the e overa e antenna can be made smal | er,

whi ch as a resgbdes. TREHGO8estdderetpondIoiinsbavolthges nodnsivned abrdvst i cs of the
antenna. Further still, because the |oops are disposed proximte to each

other, the radial variation typically found, 3Q between turns al.so be
reduced. Corr espondThgimproyadeinisnsa SYEEORAY sady @tage%%@%@go

,I[D E-Ia_,'[\l Si2 g 02/2. %?ﬁ%awgﬁg SNTR et ¥ﬁﬂfeﬁﬁﬁ%ﬁé@vc@r REHEES sfstérh kaHbAhdY current
transmission line. That is, the improved antenna is configured to have an apparent
length that is smaller than the wavelength of the RF energy at the operating frequency.
As a result, the amount of nodes is reduced and therefore, the azimuthal variations of
the induced current are substantially eliminated and the transmission line analogy no

20  longer holds.

In one embodiment, the improved antenna arrangement is a multi-turn
antenna that acts like a single turn antenna. The multi-turn antenna is a substantially
single conductive element that includes a plurality of loops, which are closely wound
and stacked together. By closely winding and stacking the loops together, the overall

25  size (e.g., outer diameter) of the antenna may be made smaller without impacting the
strength of the induced circulating cuﬁent. Further, by decreasing the size of the
antenna the overall length of the antenna can be made smaller, which as a result
reduces the transmission line characteristics of the antenna. Further still, because the
loops are disposed proximate to each other, the radial variation typically found

30  between turns may also be reduced. Correspondingly, the improved antenna
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symmetric. Accordingly, the azimuthally symetric circulating current tends
to form an azimuthally symetric plasma, which as a result, tends to
produce unixfron/pl7esna  processing at the surface of the PEFHERIE08439%

Anot her aspect of the nulti-turn stacked antenna arrangenent is the self-
shi el ding characteristics, i.e. the plasma is shielded fromthe antenna
term nal vol t cagengdyent hévmltﬂgnsu&ésdandu@ma cirgulgties Grrrabihat przEnytbdbs to a

o1 o on. Dot h SR oo hee sy ERE sy R BER g R E  foon ,

accordance W tdy a%ﬁﬂ&tﬁﬁl SaReqtic plastl E,Qv]ﬂbl‘l?&s?@fesullﬂ \\etlsite Prodade tiifiravsesma
coupling w ndow is conf I gured to reduce the capacitive coupling that occurs

bet ween the qnb@ﬁslagairtheswr&cpb&ﬂwwum’,m&ﬁt power coupling arrangenents
(e.g., antenna, coupling w ndow, and pI asma) create sorre capacitive

coupling bet ween th t enna d t he I kS
created by’a vol taggIl 6313%"5? uﬁ%fﬁ% %&ﬁﬁ etrarﬁa'%gﬁgiﬁ%&tlﬁ
plasma. This Vﬂaﬂgcﬁ&%ﬂsﬂa@ %I ihnprarsﬁaﬁsesanaa@mﬁ@hhhe/mt&lﬁmenxﬁﬁmmg@ to
the coupling wndow. As is well known to those skilled in the art, the

sheath vol tag éaythytdrwaﬂj augnhtodhq windaw. Fhisileads éns significaet tpduesion in eapacitive

Caust ng a1 echiOUPLRE P RRESPRTeR ubRrRgT RbEH ful bREsSAf it

t he sheath vol e@gpoeqr@‘y even produce 20 significant particle contam nation
due to the bombardnment of the ions against the coupling w ndow. Moreover,
any power used up by ion bonbardment of the w ndow is typically

unavai | ablie for pl dsrmccgmﬁaﬂihﬁmﬂmawmté@meéﬁswﬁﬁmﬁgm@%a@moﬁed ower

Coup! | ng bet vesHREHEw bR BouRred B g e oAy bl BREREH Mrap
wi ndow i s Confthggﬁtgﬂnat&d'tﬂ@ﬂd%a s R w;pﬂngwfmgéwbnas (eﬁ}l ®tdinag | ayer

that are disposed together.” The shielding |ayer, which is | ayer
di sposed i nsi deuphes windows sndplastharcreatessopretapaeitivy capling fetvsen ths antannas a

| ectrost at shj el d that directs the .volt f fth
Coupl | ng. wi ndcHE TERaER CRH eI Byt add Sner by oy cLapiae St ofeies Bafsh  f ve

coupling § 85i%an EhAeTARNEI, lafly Bbated ¥ BhedtiS vEIRRE gur ed
toelim na?e [\tﬁe ctapam tdﬁgeeﬁd- 10 WO ZOOAge 6% a'Csll'/ us2004/ 004398‘@3

proximate to the coupling window. Asis well known to those skilled in the art, the
sheath voltage may lead to additional variations in the plasma, for example, the sheath
voltage may push the plasma away from the window causing a reduction in the
inductive coupling coefficient. Additionally, the sheath voltage may even produce

20  significant particle contamination due to the bombardment of the ions against the
coupling window. Moreover, any power used up by ion bombardment of the window
is typically unavailable for pfasma generation, which correspondingly causes a lower

plasma density for a given power.

In order to reduce the capacitive coupling between the antenna and the plasma,
25  the improved coupling window is configured o include a dielectric layer and a
shielding layer that are disposed together. The shielding layer, which is the layer
disposed inside the process chamber, is preferably configured to act as a electrostatic
shield that directs the voltage away from the surface of the coupling window. The
shielding layer essentially suppresses the capacitive coupling to the plasma.

30  Furthermore, the shielding layer is configured to eliminate the capacitive

- 10—



(el ectrostatic, gradient of a potential) electric field, while |eaving the

I nductive (curl B, grad F = 0 type) electric field substantially

unchanged. WDz#p4/473608t he coupling w ndow is configured t @IVEZR044D4382t

capacitive coupling through the coupling w ndow, while allow ng the

antenna to i nguct i velé formthe plas I’?&?W t hfgqut 5 _fubst,ant lal | osses to the
C

shi el di ng | aydpFeirosat hgfﬁé'@}l??ﬂ?d?qf‘;ﬂ,ﬁgﬁ 14 vl lggving the tndustive (ceall | y

i sol ated and f rgg%iﬁir ﬂ.ﬂgﬁl ' . | U, | ri.al .

Ther ef or e, theB)’ 0 tage(ﬂ@%r?li& at %h{;\%mﬁﬁ%}?fn‘? cpgﬁﬂ%gbﬁfrlétg%ttﬁ\/\%éeoﬁlppﬁ% ant enna
and the pl asnavindow dcenfiguiedtovblook directanpaeitive coaplihg theoughited @uplng ayer .
Accordingly, the _sheath voltage near the surface of the 10 coupling w ndow
i s subst ant i alMdevedviitapliozing fegateans tosinductivply farm the plasna Githont ve
coupling coef fj,giisnt, I . r loss due to the unproductive ion
bonbardrren'f ofsug!he c%%g%sﬁg%%ﬁ%éav@gkg%\ﬁermre, an ungrounded

el ectrostatic shield will produce a uniform electrostatic field, shielding
only the vari ati ondMab spéufielllgcthe chichlinglajdrad elsciavaly icblatednad forifed Fonk he
shield. This last feature may be used tqQ facilitate striking of the plasna.
Addi tional ly, © & Of Franisgondnctingdnaterialy Theretoxs dhewpliage O thatweuldr of the
process cha bf I terl hat ,can.resi st
the thermal, C fé%all acfé(:ﬁralﬁ%&’ %ﬁ{/@?%ﬁe@%@g%ﬁ @@%Pé@r?gé%rglgg S Hganﬁeﬁl&a
features and af¥ drishipddinglayeheAqoediagly, thevieath wiapaiedehdairfads ofger st ood

+ 20 with reference, to the figures and discussions that follow FIG 2

i |lustratts, CAURIMEITIRARN s sbstantally teduredi whink ape rasuls inpreasemthe indyglva i on, a

| i ng. ' ' h 02 .within which
D o aama 204 PLOHiERKSLAM Al Sl thdithnfts NS HEE o BITPRENE MR, o' 206,
Substrate 206bompadarat 6f thheowsding-wihése. t o be processed, which may

represent, for 25 exanple, a sem conductor substrate to be etched,
deposited, or otherw se processed or a@cgrl ass panel to be processed into a

flat panel di spl ay Fukhermore samngroupdescaledrogigtgBleld widl prpducgeamiforn| v
arranged to b bst.ant i al Lpdrd cal - 1:n nd..hav, substantial ly
verti cal charrglgrw%\?a gﬁ éj‘gg Bﬁ%&é\b@&,&? ?ArlsahBﬁ%(ﬁggeiﬁgtf%S&lrﬁcﬁgegdSt%vgr ﬁ’reéige@nt
i nventi omsi s Bpthelshizld. eThit tast eemedue benskditb fciliaeisaleng onfh glkahl ons of

the process -11- | L .
Additionally, because the shielding layer is exposed to the interior of the process

—

chamber, it is preferably formed from a material that can resist the thermal, chemical

and physical effects of plasma processing.

The features and advantages of the present invention may be better understood

20  with reference to the figures and discussions that follow.

FIG. 2 illustrates, in accordance with one embodiment of the present
invention, a plasma processing system 200, including a process chamber 202 within
which a plasma 204 is both ignited and sustained for processing a substrate 206,
Substrate 206 represents the work-piece to be processed, which may represent, for

25 example, a semiconductor substrate to be etched, deposited, or otherwise processed or
a glass pénel to be processed into a flat panel display. Additionally, process chamber
202 is preferably arranged to be substantially cylindrical in shape, and have
substantialtly vertical chamber walls 208, However, it should be noted that the present

invention is not limited to the above and that various configurations of the process

- 11—



WO 2004/ 077608 PCT/ US2004/ 004399 chanber may be used. Plasma processing
system 200 further includes an antenna arrangenent 210 and a coupling

wi ndow ar r wigmo#on76®12, which are configured to coupl e p@®EEUSRN4/0H4348 ma
204. Antenna arrangenent 210 is coupled to a first RF power supply 214 that
5 is configured to supply antenna arrangenent 210 with RF energy having a
frequency i nChHBbSIIRGELGYSSdbout 0.4 MHz to about 50 MHz. Coupling wi ndow
212 is configured to allow the passage of the first RF energy from antenna
~arrangenment 210 to ' o ' iggﬁ%

coupling wi ndow 21%i I%E?a&?rg‘%%@é%éysgég% \%\goeﬁlr@%lg%te Ir%gte % 7 &glﬁ an eg'%e%gw@
arrangenent 2%6d akOupling wadowanhegenand? I3 vdesteat cadfipusdbiol cdufie pewkf icci ent |y
close to the couplin wi ndow to facilitate the formation of plasm 204.

That is, the ®lasge200yAndenneqrangemepbhbiseaurled ta »iipshRE DWisT Sl Wad# t he

greater t I n ' C o Furt her
still, an?’gnné‘% (gdrﬁrﬁt':l geélfr{eﬁ'@ﬂg}ﬁﬁ{l%ﬁ%% af g%:g%‘f?%’% al@n%gndetrgghagrg@%ﬁé%egww th
both process ¢hamhengedfaboartl Mibstorabbet Z0FHz (Copling orirkdowoE 2up defifdhieed
that a symmetric_placenent of the antenna arrangerrent may enhance the

pl asma uni f or 49 o dhegassagr of thedstll encegr fremeniorppayaigement Ao fler be

272 i 11 bo alSeinBRRS s bR e AR P PR BR R BlpdiBg oo™

typically prowvefesdnsibstiate Z06at QfiteROParrdaasmeny 20Ot or 215 20 is preferably
di sposed around the inner periphery of chanber 202 and is arranged for

rel easi ng gaseous source materi al s, e.g. t he _etchant source gases, into
the RF-inHuced pl dawHies aapwn ssengrrasnt 240 should boswdsisntiv clogate theemmliage

206. Alternativyv e r i : I el eased from
ports built i r‘ﬁlgé%g; %g}lllt%gggq?%é&%ﬁ ﬁgﬁjt?g]r% %?tb zsl.ﬁ'lfat (E)E? ﬁe%}%s%rgﬁ%gnﬁe%@er head
arranged in tQgafbephedistbChedonging wirdosh el deatdr theinteidRty 6f BeQuirbat a
symmetric distribution of gas may enhance the plasma uniformty across the

substrate sur pasucedwithuthe chambegpljurtisr stld, anéepap pmangesrenh? 10 ispirfergbls.  An

o pr ocedarmaridp bp &l yBY BoRRhOR o Q02 etk a8, AT RhaRl 1
P?t2e nt appl i Cakiuflersbd iat 8 ymmBhd PR FIR MicmbéataNeMhdit nidy ¥ilvhifecGAS

the plasma uniformity across the substrate surface, however, it may not be required for

- all processes. Antenna arrangement 210 and coupling window 212 will be described

in more detail below.

A gas injector 215 is typically provided within chamber 202. Gas injector 215

20  is preferably disposed around the inner periphery of chamber 202 and is arranged for
releasing gaseous source materials, e.g., the etchant source gases, into the RF-induced
plasma region between coupling window 212 and substrate 206. Alternatively, the
gaseous source materials may also be released from ports built into the walls of the
chamber itself or through a showerhead arranged in the dielectric window. It should

25  be understood that a symumetric distribution of gas may enhance the plasma uniformity
across the substrate surface, although, it may not be required for all processes. An
example of a gas distribution system that may be used in the exemplary plasma
processing system is described in greater detail in a co-pending patent application
entitled, “PLASMA PROCESSING SYSTEM WITH DYNAMIC GAS
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WD 2004/ 077608 PCT/ US2004/ 004399 DI STRI BUTI ON CONTROL"; U. S. Patent
Application No. 09/470,236, filed on Novenber 15, 1999 and i ncor porated
herei n by w&f Rogeees For the nost part, substrate 206 i s PCTITF20048084B9P nt 0
chanmber 202 and di sposed on a chuck 216, which is configured to hold the
substrate duri n% rocessing. Chuck 5 216 may represent, for exanple, an ESC

(el ectrostati @I WTIGNiC BOL =Y. Boisnt Application NooOY/AZ0, 33y diedkon ur f ace
b | ect tatic f i call h bot t | ectrod
ona’i o pr of er ARG R i bebenf R gA RS 0127 WA Tonal 1y

chuck 216 is preferably arranged to be substantially cylindrical in shape

and axially ali gneghrihd Rofpagoassiehandels inRehwud té baimteh 20p aat disposetianber
and the chuck are 10 cylindrically symetric. Chuck 216 nay al so be

confi gured to anavehuigk2hbavhigh fsiconfigurpdin hqld the sybstraigdwiing rroeessisad Chickand

unl oadi ng subsjrate 206 and.a second LEhO afeli for I_.ng
Uhe oubats 2t o e ehp af o PaRitde A RX, orit R B Whlor! @Bt QFRRAL
bet ween chanbelpoug klechudP2 sidhide 6 lktrdstdic oY HicallynehiRk 216 /actilag s BEREGK Of
t he exhaust port may vary 15 according to the specific design of each

pl asma pr oces ientrody sudinprefrablydissed bz asceondRipowagoese 31 8.uAldisionslly i s

benet i oi al . Prnek 267 § PriibbERnt BT bl RuBhaReb iRttty 5y
product gases gighsPeitprddess dHaRBEER2NGch st iHiProces Siitier B the 4RO &re

coupled to a turbonolecular punp (not shown), typically located outside of
chanber 20@. Aglindri@llywenmekirowbhuak 21ooney alkd be eanfignradrie move betwren a first

Fur therror e, - 10oRG (BaksBo B BelniGmadbu RGBT oG iy’ =
processes, a wggg{vnf aelemhe subdifaied the processing chanber need to be
tightly contro(P e to? orl{&?(?]tai nﬁ#i Sh tol erance results. The tenperature of

the processing chanber is one 25 such paraneter. Since the etch tolerance
(and resul ting senitilwtfrartiog FiAIe dn dehausteporip i dispassd betrgentshamberiwalls

sensitive to t erature flugctuations of c onents,in.the syste

accurat e cont apde E‘I"kb%]eé'i OVEYdi &8&9m§kpq5%9138£ Oétkﬁﬁ{)l?aél?tpf Igﬁ%g%’rgt ure
managenents sy @(Wdiﬁ%‘%t Bific 488 8h bedch PIRKRATROREINPEARRD B ASRSHhE
systemfoi15 achieving te gratcuregréontro? S gscri_b%cﬁin greater detgil in

a co-pendi ng pdgledegr&Dotapformity isomitieal, howewtr, 4 THWRERANREIOSNTRSLASYSTEM
FOR PLASNA

can be quite beneficial. Preferably, exhaust port 220 is configured for exhausting by-

product gases formed during processing. Further, exhaust port 220 is coupledto a

turbomolecular pump (not shown), typically located outside of chamber 202. Asis
20  well known to those skilled in the art, the turbomolecular pump maintains the

appropriate pressure inside chamber 202.

Furthermore, in the case of semiconductor processing, such as etch processes,

a number of parameters within the processing chamber need to be tightly controlled to
maintain high tolerance results. The temperature of the processing chamber is one

25  such parameter. Since the etch tolerance (and resulting semiconductor-based device
performance) can be highly sensitive to temperature fluctuations of components in the
system, accurate control therefore is required. By way of example, a femperature
management system that may be used in the exemplary plasma processing system for
achieving temperature control is described in greater detail in a co-pending patent

30  application entitled, “TEMPERATURE CONTROL SYSTEM FOR PLASMA
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-13 WD 2004/ 077608 1' CT/ 1JS2004/ 004399 PROCESSI NG APPARATUS"; U.S. Patent
No. 6, 302,966, issued on Cctober 16, 2001 and incorporated herein by

ref erence. wislsiok/o@e®d | Y, anot her inportant considerati on pPOT/E2M4@04399 ti ght
control over the plasma process is the material utilized for the plasma
processing chanber, e.g., the 5 interior surfaces such as the chanber
wal | . Yet anotRBROCESBING ARPARABUSETAS Raferd MNo. 6362566, ishiediontQdtadwr d6ed t o
process the s rates. B of .exappl e, both materials and gas
chenmistries t ﬁﬁ@%@%ﬁﬁéﬁ%@%@ 6 ary pl asma processing system are
described in greater detail in a co-pending patent application entitled,
"MATERI ALS AND GAS)§tlaB] RnbheF R RiaABMN:RBHEES Sl MBI YT ENE conttbiSvePat ent
10 Application No. 09/440,794, filed on Novenber 15, 1999 and i ncorporated
herein by r eftbe plasma ptogessiisithe naseral aditizedofopthe plasmagprpeessing shayateer, sg. thout

i nt hanmb 202 th h i,nj ect 215...P i.s t nplied t
g 3ehy A PRSs b5 B AlE e oUST rsR HBRk R 49
electric fieldui %aé de@:ﬁgs%‘i’es'xfééd %eprﬁgﬁgﬁfersugﬁlﬁtésh YUY dxaRPR], bod ntBRaw

212. The electri€ fie accelerates the sm nunber of el ectrons present
i nsi de t he cheaandegas clamsstrigs thhemey be usdd|in te exietblarhplagms proskessing systeofaré he
process gas. Thes ollisions result in.ionizatiqn and initiation _Qf
i Scharge o dspated T gatopdoil T b re prminsP ot e vel ek railas AATRATS (e
neutral gas no CHEMISIRIBSGRSR PLABMADRDCHINIRG SHSTEMPCRS. Pafdnd
electric fields os%gel ectrons, an ?eave 20 behi nd po%?t?vg/fy’??\gargeeg
ions. As & resApplicaipmsNo.i 08440, THa fitpddn Novembee i 11092 kyd inchipogetet] kdreintyons
and neutral gas_nol ecul es are contained inside plasna 204. Once the plasna
has been forng8frs¥&et ral gas nol ecul es inside the plasma tend to be
directed towards the surface of the substrate. By way of exanple, one of
the mechani sm cont e, Byl Rfcrbfte b PeasRIaC # BRIcEss @hs IshpdteMb cRhRb e ThicksH! €S at
the 25 substrate naybe edi ffrus?o% (Si .a°e. ?&?hg%%%r?dggn novenent of m)loe ul es
i nsi de the chasrfirgedgtor ZIuPowar Isdher suppliekbtotantdons peaigemefe2 ) ysimefutst RF  gas
nol ecul es) may typicall be. found al qn he. surface of substrate 206.
Cor r espondi noiBYehEHCHI B &[22 FeiEe ol sm&%ﬁeﬁéa?h% 292#3011%}1
accel er at g t OVRf e d DfsdSHS! FHE HRAITAN Bbolctdles AT BIAR hABbAdkotBH ' 3
speci es, activat strate processing, i.e., etching,

present inside the chamber causing them to collide with the gas molecules of the

KN

process gas. These collisions resuit in ionization and initiation of a discharge or

plasma 204. As is well known to those skilled in the art, the neutral gas molecules of

the process gas when subjected to these strong electric fields lose electrons, and leave
20  behind positively charged ions. As aresult, positively charged ions, negatively

charged electrons and neutral gas molecules are contained inside plasma 204.

Once the plasma has been formed, nentral gas molecules inside the plasma
tend to be directed towards the surface of the substrate. By way of example, one of
the mechanism contributing to the presence of the neufrals gas molecules at the

25  substrate may be diffusion (i.e., the random movement of molecules inside the
chamber). Thus, a layer of neutral species (e.g., neutral gas molecules) may typically
be found along the surface of substrate 206. Correspondingly, when bottom electrode
216 is powered, ions tend to accelerate towards the substrate where they, in
combination with neutral species, activate substrate processing, i.e., etching,

30 deposition and/or the like.
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30 deposition and/or the like. -14 WO 2004/ 077608 PCT/ US2004/ 004399 For
the nost part, plasma 204 predom nantly stays in the upper region of the
chanmber (ewd 008617604 regi on), however, portions of the pcasgrsomamg4vend to
fill the entire chamber. The plasnma generally goes where it can be

sustai ned, which is alnost everywhere in the chanber. By way of exanple,
the plasma may fil |Fotr|tl®moﬁ@sﬁnﬂmw%)%m&mbmtbmWssmﬂw@peltmgmb@rfﬂm/vs of

th . t lf th h
nase ar ea, - RERTEEgoahE1 SheEishbRopotehy sar i ghe ppme PR FRuhELe
whi ch may |eac&nﬁfb d?l%frﬂ:)blc'ﬁ&@ﬁnﬁ%eﬂéﬂaﬂ?@oés%ﬁéﬂ@ﬁ%ﬁ@b@é&%ﬁﬁ@ “&M"{Pﬁﬁnos't €.

by etching the area or flaking of deposited naterial. Furtheérnore,
unconfined pl wm&wﬂlewdaﬂna)clfambm aBynway ofdfagapha, ﬂi‘heqﬂmameyﬁﬁlthmmmbdlmd to

variations in ihe_ proces i.e. .etch unifor , overall etch
rate, etch’ pr Tf Igtr‘ﬁtfié'rl%‘ %ﬁﬁ‘aﬁﬂ{}a EW&WW%WW’”F te(mgr -aCHYGr der to
reduce the QEEAE fmqegg&nﬁ%&%éthee RERASOED Qﬁﬁ&éﬂ%‘ﬁﬂ%r%%ﬁ!@ﬁ Befe MaYy be

used to confl ne By way of exanpl’e,” a plasma confi nement
arrangenent t h&tasmfwwdnma,ménbhmay]lehrbtoqaadmié em;tarpinammmsrdecﬂmlsrom}ssyst em for
confining a pl I s descrjbed in greater 5 det ai | co- pendi ng patent
application e am Fell-Ss Wﬁ@%@%ﬁ%@e’ JepSSORIESEL| NG THE VOLUVE OF
PLASMA", U.S. Patent 6,322,661, f| I ed Novenber 27, 2001 and i ncor porated
herein by ref er encehgsand ﬁﬁ%ﬁst&ﬁﬁﬁzﬂﬂ&ﬁ&ﬂz b il asm
processing apparatus Is provi ed W|t a multi-tam antenna arrangenent such
t hat an ard nutwiatd mag}aadm vargatioRdingthe ptocess pleifetmarics, nmdmhadlfonmty;leveﬂaﬁ
process chanber  of t | asma pro e Si n ara As_critical nsi ons
continue to dé’Eﬁhéé@eetPlﬁBmt f-dpispocloadipg, s ?cﬁﬁgg’s ﬁ’é& ﬂ%‘?&’lk% Ln ordgy togod rIT;ﬁ%ll ly
symmetric als Sk i BRe R frah AEALR LB G0 3L ARRAnEE

i %f&%”ne en eff@?csazﬂg ant e)?%na&?%o preve%’ © H%

provi ded between t ps t t shorting. Such a

gap 25 nay pr ¢kenta, Byews) eSexanipie) apema gonfmamenh afringesgntthbirmey bédbBd iR i s a
schematic illustration of a partial ante na turn 304 w th_a gap .308. A
first azi nut halle SEEITY Pismadueqeriing Hijtem ningp plagma it dsse fiﬁ’smtgﬁ"élt‘?jap

308. A Seﬁé’”d d%?aglg?gra'éﬁ eﬁ&ﬁg%%g?%gé}ggfsohﬁﬁgﬂé’&ﬁ “ROFATOPHIARDIA PP ARATIRES not

contain the gap e ga
FOR CONTROLLING THE VOLUME OF PLASMA”, U.S, Patent 6,322,661, filed

November 27, 2001 and incorporated herein by reference.

According to an aspect of the invention, the plasma processing apparatus is
provided with a multi-turn antenna arrangement such that an azimuthally symmetric
20 electric field is induced inside the process chamber of the plasma processing

apparatus.

As critical dimensions continue io decrease the tolerances for a plasma that is
not azimuthally symmetric also decrease. The antenna turns are incomplete and gaps
are provided between the ends of the antenna loops to prevent shorting. Such a gap

25  may prevent the plasma from being azimuthally symmetric. FIG. 3 is a schematic
illustration of 2 partial antenna turn 304 with a gap 308, A first azimuthal sector 312
defined by a first angle 316 contains the gap 308. A second azimuthal sector 320
defined by a second angle 324 does not contain the gap 308. The gap 308 causes the
RF power in the first azimuthal sector 312 to be less than the RF power in the second

30  azimuthal sector 320. Various current catrying elements have been used to bridge the
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RF power in the first azinuthal sector 312 to be |less than the RF power in
the second 30 azinuthal sector 320. Various current carrying el enments have

been used %%bhl/ﬁlgiﬁo he -15 WD 2004/ 077608 PCTI US2004/ 0G43ass20@ap439T he
nonsymretry of suc ridging el ements may make such el enents unable to
provide a desired uniformty. FIG 4 is a schematic illustration of two

partial antenngpt ThenoddAmmebBef sath bridgingelermbfits mbyOnakesyuelr tlementy unitile talge
414 is provided to conpensate for the gaps 406, 5 410. Radial |egs 416
provi de an el aupyide aldegiedRaforBiy-pet ween the partial antenna turns 404, 408
and the bridge 414, to provide a conplete current path between the two

partial antenna tur%‘%.éqsg% %%ﬁiaﬁ@ﬁlhﬂgH%c;mor jafbniehtd @Rls 22N eHKh Ry

be small and parti ﬁ%ensate y a pair of turns at another level, it
has been foundydpbadns, 410irsspeetifiely. A bridgsdl4is pwivides! ta compmishiecianthegaysdia,r y .
Since these I:‘?s are in the sane_ 10 pl ane_ as the%f rtial ant npa turns 404,
408, the réadi of10 Radiadegs 4l prayidegnplentrigal conpgctt (i ﬁhﬁpﬁﬁ’é antenna

speci fication and ¢laj ' up.r . ' ' | f

Fom the i nadii 4 R angint PO 410 0 H0Yi4PR LOmpFf Ell Aot Setdieithe o

di stance from §dgal antendoniras404)@08. uAlthamh thotadinh autrent corPbesnt sy &b smaflr ent

which is an azinmuthally asymetric current section induces field
conpar abl e t o andgiatiallyrcompanisjedcur s pait offwns éEﬁ%bPré?VeE»HEhaé?ﬁ’F@hﬁ’gnﬁ? fhat 1 .

The fields drop.off. proportional f | £k
section di Vi detﬁlslfﬁ&?ﬁ%ur%&tgl}ogld%? a%%eﬁ%?%tjtaaﬂce. tr?'n Sgoﬂr&%grlésté gégglhr;ﬁ#?]i{ cantel_y
reduce thijg asylaeis’thé paaPANaih t@ppaod,i408, taarddid cptrastpailsis Gelosd” tb tiee Wi ndow
conpared to the desired symetric antenna contributio the ratio  of

n, .
di stances betwindawt Ho therfpesifigationcmdielaims, agpdiaksween path ndsfingd asbeing farand

the new radial .20 section Lacati© 2 '

(dl 1 d2) 2<10 wHirGR RevioRs i et °‘g%?}t§§'ﬂ3§%§j‘e%?éﬂ§gé§‘“§p@|#ﬁqﬁ%% fiopa the

mul ti-turn antgpaswal R aemestian®ata il TRoQikboagerovhioh & andzimitmint of the
present invention. The nmulti-turn antenna arrangenent 6Q0 includes a

mul ti-turn ant@symmeadecupmt swtivs indusen fitlétcanpasaaie-iqpHeias s ecusat 25
power sod ce. Eation pf GERREp o ANy e b piole Rt R bbafitine 2° T
length is small, i biirdf S080h diRdéd 8y 18 ¥QlLnaf fhe distance. In order to significantly
reduce this asymmetric component appearing on the plasma side of the window
compared to the desired symmetric antenma contribution, the ratio of distances
between the antenna and the plasma side of the window (d1) and the new radial

20 section location (d2) should be less than 10, i.e., (d1/d2)<10 which is approximately
d223%d1)

Figs. 5 & 6 illustrate a multi-turn anfenna arrangement 600, in accordance to
one embodiment of the present invention. The multi-turn antenna arrangement 600
includes a multi-turn antenna 602 operatively coupled to a RF power source 604
25  which, for example, respectively correspond to the antenna 210 and the RF power

source 214 illustrated in FIG. 2.

As mentioned, if the antenna length is small with respect to the wavelength
then the transmission line description of the power coupling is no longer appropriate,
and the power coupling begins to behave as a lumped circuit element. Therefore,

30  multi-turn antenna 602 is configured to have a length that is smaller than the
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then the transm ssion |line description of the power coupling is no | onger
appropriate, and the power coupling begins to behave as a |lunped circuit
el ement. TRy RAIHIB60830 nmulti-turn antenna 602 is confi gupetiseoaavson
| ength that is smaller than the -16 WD 2004/ 077608 PCT/ US2004/ 004399
wavel ength of the transmtted energy. By decreasing the length of the
ant enna, fewervavelengh ofitte tmneaitied chergy.hBy sbematimgthedongtipeltthe ameman vas a

result the high voltage and, |ow,voltage areas in the i uf h direction
of the antennaoﬁqs@r%m%mﬁhaﬁﬁayd%a{ma@ﬁ%@nmﬁir@%?ﬁ?laﬁlteéfﬂ 3e5 2

preferably conf] i Bl SRS i Sposed
t oget her so t_2‘%&gﬁ%@t%ra%%ggﬁgl?ia%%ﬁqgﬁ?ﬁg{nﬁsﬁ%?{gﬁgﬁe%Bpear%is%/rgﬁ%%a'from
a single turn antenna. Mre specifically, by placing the turns closer

t oget her the  curr @ht spdiddumnianigneais pedfenablyf configurad telmyve nndtiple dwma shed areFor
exanple, if the antenna is formed of four tur that ar roxi mal. to one
anot her tHen Pme]é’@iﬁpéﬁﬂdt?ﬁﬁ%éﬂ@%@“@%ﬂlq@@@a&§ %%EU&E%BPPWL% mes
as strong as i r i ; | fle & ent
carri o over fiont¥ SRR entR AAREGREAI Y by phicihe l, RERCARNGE Rigtthol i
t he di ameter ofrrétigradicigrapaciiyofitheenfeanh it ioctkehedd Fanetaaplgfif thhenfennciss s

chanmber, can be made smaller, which,in turn de%lrgre@gg t he Ietﬁlgth of the
antenna. The asedal fayriungthaf pre AL qrelapo icgEgnt thrqygh fhey

detail bel ow Iz [ M%;‘ts 8_!;33!” [ Lhandi aed udes
at least a fi Pgét%ltgé?&rdg tqgég\#ﬁggﬁ%(@%t% r =a€s 0 psq@ |tle)ﬁ]§&'f ??@%S%Sflgﬁgwaﬂ% a
second paigr Otosmentald tingert oapies 6 to B concearatod glapina frent isinefeamdfoly, Ashe
first pair of concentric | oops 606 and the second pair of concentric |oops

610 are subst &stitathp diampsral e anfanga,cysiniospect i 1he digmelsod the BRCSAe  anot her
al ong an antenpa axi t . [ cifcul ar
antenna w | | gﬁ%’aﬁ%‘?ﬂé&% 3%%4%@?@#@%6}?% gfréc%tﬁ%%#?eilgﬁﬁpﬁ éf"g{e a\%}}e%n%ﬂ% ‘g]éé’
result will 2QctaslQakcs the Sibaiarllibaldesecribed dupatepddsitbelowccor di ngly,
because the process chanber and the substrate are circular it stands to

reason that the substantially circular plasm, tends to ¢reate nore uniform
processing at the Miphdfum agtennp 0% issebstantally\ieniar sddnelndesat deast a8t PR has

b H . ! : . i
inder st ool + ngF COREAYRIeRT0R T A %yst BUASHARN sfoll pfs P ntenute Lo RO BT,
shaped substr gé®ad plmb. Reférablytths fikapair of chenBRPEITA6 aad tiaf sesoEpair of

asymetry i n chanber desi6gln may be used, By way of exanpl e, oval  shapes, or
concentric loops 610 are substantially identical and symmetrically aligned with one

another along an antenna axis 614, It should be noted that a substantially circular
antenna will produce a substantially circular electric field, which as result will

20  produce a substantially circular plasma. Accordingly, because the process chamber
and the substrate are circular it stands to reason that the substantially circular plasma

tends to create more uniform processing at the surface of the substrate.

While the present invention has been shown and described as being
substantially circular, it should be understood that altermate shapes for applications
25  requiring different shaped substrates such as for displays or for compensation of some
asymmetry in chamber design may be used, By way of example, oval shapes, or
rectangular shapes with circular corners following the same principles set forth above

may also work well.
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rectangul ar shapes with circular corners follow ng the sane principles set
forth above may also work well. -17 WO 2004/ 077608 PCT/ US2004/ 004399

Fur t her mor @0 $dd80F7kdsSt pair of concentric | oops 606 are picafhmhadlowans acked
above the second pair of concentric |oops 610. Single-plane antennas
typically produce an increased anmount of capacitive coupling because the
term nal vol tage arifhrthatrhorefthe ffiest pair bégencanttie 3oups 606 aredireReiblpstaokedi ty with
t he wi ndow. Hoyever, beclzﬁus_e of 5 the stacked antenna and the symetric

al i gnment  bet Vi2eK® thieetqndpeirodponcspiricdpensfldi Smaleplgge araniasdyredlond pai r

of concentric ey | ' | t |.e] ded
by the second ﬂéﬁ@rﬁéﬁ H%%?\%é%%hrl%‘?{tlrggg &° %%@@ﬁgiﬁe?@ggﬁéf&qﬁg%%%%]@e
drop (e.g., caladithé veitapouplidsngs infdifkt pouindtytwith drlwidew c owee b8 S
first concentric l.oogp and the plasma | s _substantially reduced because the

second pait oftha gacksdepivons end e semmenir aligamanihstimeesithe Srsh aein of eancetisic
|t d I ( j 4 - -] . wwth th
b asma addr 1 oh e ofind s of b RLRE ol yigh Al VEE ARG 011 T 1 101 Lot

a first turn ad¥intageduslyskidlded by totebahdl panist cBRERREL 1984, MBreﬁépB@iﬁBéI%i, ¢he
| oops 610 preferabe;.'é/ include a second turn 618 and a third turn 620.
Further, firstvoltaghdiepe-Bscapapidive sevming) thatiwaeld daically acourdrtwerindpo et above

second turn 6 r t Uk .2 lally identical, to and
di sposed abovécgpﬁﬁrﬁgp ]{Ogﬁ ﬁ£ (2%$1%ﬂ%§ % S*bﬁﬁﬁﬁ%%ﬁéé%&gg AP ?bel speans patef o
second turm 6L8ncep@icdldeps proRided 8 chisduchResAh Forghe/valREe Uamp 4nd thédtbfogk tem 620,
and third turn 620 is operative coupled to fourth turn 622, with each of

the turns bei Wgltags drap&dll set ntpsact vl theiplaeme. flow is in the same 20
direction around antenna axis 614. In one inplenentation, the nulti-tam

antenna is forned : [ e.conductive el e t. ve I t. shoul d be
noted that this is|Q§EB€?$%é#&%ﬁﬁéﬁb%ﬁ%ﬂ?%%?pﬁﬁgﬂ%ﬁ#%ﬁﬂfﬂpﬁgﬁﬁgg y be
formed from sepanad e fgat S 628, add Secofid paie bEEdcbntria Tsdps 686 brafGably ndaup! ed
together. Additionally, multi-turn antenna 602 includes an inpuf |ead 624

and an out put 2seepndgpn: 6hgngla thing tuya 626nFethesdirstiurhel 6RE sulbgantiolip idesticalc e
604 vi 680.. | hj nbodi o Lhe.l t lead 624 i ti |
coupl ed 1} a #9 g dighdpel o BRR B s, iR i 6335 bR B RE Rl <,
turn is operatd ¥l dispored abseltRirdnirh 639, end of

First turn 616 is operatively coupled to second turn 618, second turn 618 is
operatively coupled to third turn 620, and third turn 620 is operative coupled to fourth
turn 622, with each of the tums being arranged so that the current flow is in the same

20  direction around antenna axis 614, In one implementation, the multi-turn antenna is
formed from a single conductive element. However, it should be noted that this is not
a limitation and that the multi-turn antenna may be formed from separate parts that are
structurally and electrically coupled together. Additionally, multi-turn antenna 602
includes an input lead 624 and an output lead 626, which may be connected to the RF

25  power source 604 via a lead 680.

In this embodiment, the input lead 624 is operatively coupled to a first end of
the first turn 616. A second end of the first turn is operatively coupled to a first end of
a first connector 640. A second end of the first connector is operatively coupled to a
first end of the second turn 618. A second end of the second turn 618 is operatively
30  coupled to a first leg 632 of the radial connection. A second leg 636 of the radial
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a first connector 640. A second end of the first connector is operatively
coupled to a first end of the second turn 618. A second end of the second

turn 618 igy kogely 30 coupled to a first leg 632 of gdhaydhafiedlzeo
connecti on. cg\ﬂ)gﬁe@fg ﬁg |l eg 636 of the radial -18 WD 2004/077608

PCT/ US2004/ 004399 connection is operatively coupled to a first end of the

third turn 62GonAbctive tsdperdiively coupld fid 4 Sitst andloSibe il tuBYe20r £t 6D Seted (NOL
far from the wndow the first leg 632 and the second | eg 636 are

substanti al | yft B st Al segeng 16%3@%@@ @et fon Egy yhe Windows the fEsides 632 83d 620,
622.
S et ined by thsREhia kBYaE ok G B AR oENE: B RS RARE (R oo ot

and second | egHg, 62lhe22. aMoaépremﬂﬁytnerﬁI&&ad@éoohh@e sk grpeRiaigsatth hngxt ends
fromthe first Ieg 632 to the second Iet%ﬁ636 and may be substantially

paral l el td tHsfipehbiede fens ploas sybstandiallythe enting lenglle efhithedinst anfl sedomddegsr d

N Socond end_ oetpCeotng At bRbrfe Baial fotheSiOR Rion BRGVRS feridfe 68 Qg
first end of acésdnéd63oiend Blg be@;ﬁs@mam%%mla&otﬂ&@mﬁbﬁnmm@%ﬁné SA

operatively coupled to the output |ead A current may flow fromthe
i nput | ead 624¢ctandsag Rl therbird furs 626 mqpe@melyphmda@to aﬁgtﬁmd gfa soombct or

640, through th h the fi f Lhe radial
Connect on- ¢ PGP Ok Sl P pfaBEREAn fogResity o s Blratey Brbledodugn
the thirdd urrﬁr&?eadowf@yﬂfmﬁm@zzee&@éuén@eﬁm@pﬂa@&*o&&ﬂm%@zﬂaroe&qﬁvél?e fourth

turn 622, and to the output |ead 626. This current flowis indicated by
the arrows. Acoupled teghy oulREt Icad 626t Aicyrrenidrat ffow lﬁlom ﬂlhrmmg Eeadlﬁaﬂ ithrougin
antenna 602 n e be 4 and the
out put | ead 6%" 1%%{)@{[ g&e?‘?ﬁ)}% éfgﬁ Pgec c‘@%@&é JE%) éshas a

| arger di anmet %ohﬁlﬁﬁe%ét%%ﬂ%ﬂh@%al%&%&mﬂ %H%‘?h@%@cdﬁﬁq?@jﬂﬂﬁ

di aneter than second turn 618. Al though the 20 ou turns
and fourth turadlcohsection.dhrpegh dhciid atrs Gﬂﬁ,etyroagh thr etenddnimedos@ids ed

Dot ol v E5ugtDig bl Gy 652 Fnt 1o b ShiphEad B A0 Thib Evientsiow Pindicatedss o
616, and the 'tﬁéja&d%{' A&%&mg fﬂg&@&aﬂsvma{ertaeﬂﬁﬂﬂm a?lh%ﬁ@:&@nr%g the

second turn 61 As a result ose proximty,
ant enna | ooks GﬁﬁbyamlymglahéifavdtaggIbetwteamtmnnlanrhad(ﬁatlgmd tl?éiomplllrtsléa&m:aﬁal ly no
space between turns). Accordi ngly the high or low current areas in the

radi al direction ar subs antl duc T eralize.to other _antenna
SHu%e err:Eng to %ég f’éuﬁ]gtum%ZQEa a larger diameter than first

shapes
turn 616, and third turn 620 has a larger diameter than second turn 618. Although the

ird

20 outer turps (e.g., third and fourth turns), have larger diameters they are preferably
disposed proximate to the inner turns (e.g., first and second turns). That is, the fourth
turn 622 is preferably arranged to be proximate to the first turn 616, and the third turn
620 is preferably arranged to be proximate to the second furn 618. As a result of their
close proximity, the multi-turn antenna looks and acts like a single turn antenna (e.g.,

25 substantially no space between turns). Accordingly, the high or low current areas in
the radial direction are substantially reduced. To generalize to other antenna shapes
such as oval shape, circular shape, and square shape antennas, the third and fourth
turns have larger widths (diameters) than the first and second turns. When the first
turn is within the fourth turn, the first turn is closer to the antenna axis than the fourth

30 turn in all azimuthal directions.
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such as oval shape, circular shape, and square shape antennas, the third
and fourth turns have |larger widths (dianeters) than the first and second

turns. Wiegd iedik@t turn is within the fourth turn, tRerida§dsydostod 1S
hal

closer to the antenna axis than the fourth 30 turn in all azinutha
directions. -19 WO 2004/ 077608 PCT/ US2004/ 004399 Instead of using a bridge
414 with radial | egsstéibofagjnacehnidgt @14 withgadial lags 416 ddiuec taties ©ibs Beiveen
the planes of the turns, the antenna of Figs. rovi de radi al

5 &6
connectors betRkE8PT Prveen thaplanes gf His m’tthﬁé@e%%fﬁigsoﬁn& Aereiidrmediabl 2.

D stance dl i '%% { oo ff t w.ns. 616,
618, 620, 622 °o’f"ﬁ‘%ﬁ’égk WP‘?@EF%%?‘E#%%%%L@%%&%@% %ﬁlgg%ﬁgl 5igee i dow
212. D stance dd3s il disigncedicbicdn tle: faghovepirt bhide hadls 616,608,620 622 68@e0f the
radi al connection and the plasma side of w ndow 212. The |arge di stance

between t he witpdBWER@ama 6p2andihe phsmesidsofsandovs?13 hPistarnedl? isienect i on
e e S0 ROLVRE L YRR Al GORTEELR) 8 9

is at |least three ti nes ance ween € W' ndo _ hest
part of t he t WwfRendiw Emi B Bfpealishnce %meﬂﬂ&f@hd@sb)éndtﬂwadﬁaﬁé@ﬁ@&ppﬁﬁzﬂee”
the w ndow and the radial connector 682 of the radial connection is as far

away as f easiobthe radigheannpechamseans theh theslisianocp beavaen thegindpivend theradiabn ar e

hi eved with ' ' i st . bet t h i nut h
eyt i o r adoaector 38R 3 ) e UflIAE ARl ote G Mibdh M beases a
| east on ide @idRkt it ditBe Gl 8B4 aRbndalil . Wiskehhrdibrably, tHa Qi Mhrtd Bdtvlen Wt D

of the antenna are needed to nake sirfgnificant_ i mprovenents. I n an exanple
of this enbodiwiedaw andtheradiglecotnenter$da of thegrdinkbepgmedfionrie hefar aWay ps ovi de
such | arge di stances, the bridging.of.t gaps..may not provi.de the _sane
correction of %eats}]? e 2 TR E%P“tﬁgyﬁ@m}y?ﬁw %ﬂﬂﬁ%é(%tm & aglieved ith any
legs, but it RageddsaNintAkishce bbikeeRBic e iiiathalBEAN IR i CMARR USRI arkl TRt

radial currents may cause nore non 20 uniformty in wafer processing than
azi nut hal asy hrlew the sindays elthdugh dewdages agieasi on the piden fithe soallegof the width

B ox1 mat e1% o QF R BAST CRETHB0T B 1iAanbaRE e Sk PSS LB A BRDIP YRR 1 et s
flow anti-panah) elanifle BPtlh}iJ'fﬁbdﬁﬁ&ﬁf’thE "Pﬁgé‘&i‘ﬁﬁﬂ{e@@'at RAWMTRERS, %%Sﬂfi?y

radial currents. As i's we nown to those skilled in the art, a’'sm

space bet weensuchoa®s dissarcbas; it bridgitg oft the paysirhay ot patvedeihe isame betreution of he

two conductor e aLPn%ﬁﬁLloa{sgﬁnﬁe% than using 2 bridge with radial legs, but it has been found

that azimuthal asymmetries caused by small radial currents may cause more non-

20 uniformity in wafer processing than azimuthal asymmetries caused by deviations in
azimuthal currents. In addition, the radial connector 682 is preferably placed parallel
and proximate to a radial line 680 of the output lead 626, so that the currents flow
anti-parallel to further reduce the azimuthal asymmetry cansed by radial currents,

As is well known to those skilled in the art, a small space between two
25  conductors will typically create arcing between the two conductors. Therefore, the
space between the outer and inner tumns is limited by a distance that eliminates arcing,
However, in one implementation of the present invention, the space is filled with a
dielectric material to allow the inner and outer turns to be disposed as close as
possible to one another, while substantially eliminating arcing between the inner and
30  outer turns. By way of example, Teflon or ceramic materials having a space between

about 0.2 to about 1 cm. work well,
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space between the outer and inner turns is limted by a distance that
elimnates arcing. However, in one inplenentation of the present
invention, heshaegk is filled with a dielectric materi glorikdaodided he

i nner and outer turns to be disposed as close as possible to one another,
whil e substantially elimnating arcing between the inner and 30 outer
turns. By way of ex@ibefnoréhb athlifturs ahtefnLis @&h&ﬂﬂﬁfo&n@@ﬁbﬁ&og &D 3k Bne
between about 0.2 to about 1 cm work wel|l. -20 WO 2004/ 0776'5 )

PCT/ US2004/ 0048®¥mdnigtionethepnulti-tunantenna s foumad Gemenppericeatgdwéhailysy. f or med

from copper. l.n one i.ppl epent at i he ti-tam anteppa.is, formed from
copper coat ed %‘%‘Tc&ﬁp@@}l. %%cgtgl?ttﬁﬂnui% 5‘8“%%’8{‘8513’6%8‘?"3( RPPYLPY i -t urn
antenna is nOtcoPpé‘f‘GoﬁfédbMﬂPéﬂF}Q@énthat afif BEEDlCRReE W hétahbyed usddd thbat any
sui tabl e conductive nmetal may be used. In one 5 enbodi nent, the cross

secti on of 5t henshwdénerd, the oosi section phitg ahigana loop aviekiangular tg facilitpisan abl e

| ocati on of each | wth respect to.the w.ndow a each gt her .| oop.
Hovever . 11 < ORIOURIORA<BPLeREH 1OPR & ETFpeF O it WEon( At SRFAREL hat
other cross  SEGLERASE sSEARPSESHAGHLE RE HidBN0PE 1iiRton Mhd BhDGhé (@, T he
antenna | oop nay be " formed froma hollow conductor to facilitate

t enper at ure coattiaal §iapes andfdizeainmy be ub¢dsi Allterndivielss tlee anttenma ddop maN beh r espect
to the overall,_size.of the nulti-turn_antenna, i.e., the. aut .di anet er,
£ 1 6  gener al I CEER Ao et 8GRI P irafise cdrly e, Honghe SRS
antenna t g, b%ﬁﬁ%r’oﬁ than the cross-section of the process chanber in
order to Eeep t he pl a@ﬂa concentrated in the region above the substrate

and to prevent undue plasnma diffusion 15 to the chanber walls, which
di sadvant ageousl y r@&ithirespsctrio the qvevedirsizemf dpemaltieturh entepisas emthpovteessi ng

system and i ncreases. wall erposion. t her npr he size, of .t | asma to
e gener at e gumaRaY it eabrurablbu i epugh Horddm e e alleding
therefore, t h%ergu{am]bf fndh &@ﬁéﬁ%@ﬁmggﬂaéé‘s@ cBAMBAR brddk ARLR thd fladmd S

substantially simlar to the dianeter the substrate in order to produce
a uni f or m et clvonedntrateByin A& regipn @boeadherpibsiratelard $0 preveatt unties pladss diffuemnar e

typically between about 6 1o abquf, I nches, and therefore in one
embod mends t e R AIERDE A MR s KA e BEOBY £oditien PO Hae RBRRIEBBLL 6
to about 12 ”f’mﬁnﬁﬁ' p[r;cgt?catsgibggﬁ?éi:é‘lﬁ%n& HctaSds wdlEG8YSE. Pluthdifold) HeaBReH Ry!r M ent

capacity, i.e
plasma to be generated generally corresponds to the size of the antenna used, and

therefore, the multi-turn antenna should have an outer diameter that is substantially
similar to the diameter of the substrate in order to produce a uniform etch rate. By

20  way of example, the size of the substrates are typically between about 6 to about 12
inches, and therefore in one embodiment, the multi-turn antenna has an outer diameter

between about 6 to about 12 inches.

To elaborate further, because of the increased current capacity, i.e., multi-furn
antenna that acts like a single turn, the multi-turn antenna may be configured to be
25 smaller than the substrate. That is, the higher concentration of current tends to produce
a plasma that is large enough to process the substrate. It should be understood
however that the use of smaller antennas may not be required for all processes, i.e., an
antenna may be configured to be larger than the substrate. However, if a high degree
of uniformity is critical, the use of smaller antennas can be quite beneficial. By way

30 of example, the diameter of the antenna may be configured to be between about 6 to

-21—



antenna that acts like a single turn, the multi-turn antenna may be
configured to be 25 smaller than the substrate. That is, the higher

concentratmogjmﬁwsrent tends to produce a plasma that ppglsaé@RofaPugh to
process the substrate. It should be understood however that the use of

smal |l er antennas may not be required for all processes, i.e., an antenna

may be confi gup&st 115GndRs, A PesrerabBbetii@n Ut 7 BlaBoutHABMERS, nidkdeér thi gh
degree of uniformty is critical, the use of snmaller antennas can be quite
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order to prog&Ssraf (b2, tRCintSiHa Szt A belscaled BihébdbEwhe! aflalld@peigdr, t hat
this is not alimtation and that the actual size of the antenna may vary

accor di ng.& o shisstirseid ingolyedend the specific dbsign af eacl plagma provessing eysiem.si ze
maybe scal ed as needed when snaller or |arger 5 substrates are invol ved)

and the specific design of ,each sma_processin St . W.th_r.es to
fhe REfrequency enbitbgitot S0 R AEHRAR BEREHAE £i-fTbpialibd IEREERE
(e.g., less thagudylkis) 1:enE 15 MHEHERBNE debiaitheeffetsaff th'@adsnafien SSi on
| ine characteristicS of the power coupllng by reducing standi ng wave

Y

ef fects. That ling characipuistiss of the gawargoupting by rasiuging standipg iwave céheis.aThahis.hal | y

Fur ther ror e, SO e Seteaia.s ke iy BBt 2Ry S Btedre A een « ne
antenna afid t by RLRSHR dfinahRAnd RESHBLARMREN CREherROR £tfhelbﬁf§eﬁRF fidfency,

bonbar dment of the coupling w ndow'is reduced. Therefore, e frequéncy of
the RF power slmurapeciiive gepéing bétyecmthieiagtenaa andithb plasemeds albalespprosquadeds o

15 e of or abl y b8 hegR iAo CRpDE e it (P RaSeY 5ot ond, ThHEroRS By ©
| over f requen?eﬁﬁ?nfcg‘rﬂ_ %Fg@wér%_%'ﬂcé @gén@fall?%bnﬁérﬂ&ﬁ%%%ess'ﬂ%ﬂiﬁéfféquaitfo a

hi gh degree o mty I critical’ the"use of |ow frequencies can be
qui t e benefi ciabbut 13MHEanprbferadebetieamaticne) #dviHg and ghout h2 Midw,contlagers of t he

e eoPe! ot BRSBTS L G ST e
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produced i nsi e process cha a resu
critical, the use of low frequencies can be quite beneficial.

As can be seen from the foregoing, the advantages of the first aspect of the

invention are numerous. Different embodiments or implementations may have one or

20  more of the following advantages. One advantage of the invention is that an
azimuthally symmetric plasma is produced inside the process chamber. As aresult,
increased process uniformity is achieved, which increases substrate throughput,
reduces device failure, and increases the overall productivity of the substrates being
processed. Another advantage of the invention is that the inventive antenna

25  arrangement is self shielding, and therefore the capacitive coupling between the
antenna and the plasma is reduced. Correspondingly, the ion bombardment of the
coupling window is reduced, and therefore the life of the coupling window is

increased, and particle contamination associated with ion bombardment is reduced.

According to an embodiment of the invention, a plasma processing apparatus

30 is provided with a multi-layered coupling window arrangement to substantially reduce
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I ncreased process uniformty is achieved, which increases substrate

t hroughput, reduces device failure, and increases the overall productivity
of the subgigabesr7bgl Nng processed. Anot her advantage of pldiud2004R04309N i S
that the inventive antenna 25 arrangenent is self shielding, and therefore
t he capacitive coupling between the antenna and the plasma is reduced.

Cor r espondi ngloppadifires ¢onplitgbdsweciniba tinefing dvd the plagha.nFo Fachlitesy dissussshyced,

dth fore e Life of the.coupling windowis increased, and particle
2gnt a_m'e;lgt i on Pﬁ&s%éﬁ‘?ﬁéﬁsm tl-ﬁ%’ﬁpeéoﬁmﬂwwmm%ea@w °¢0 an
enbodi ment of ileed ufth of 1fY o0 AVARRAS TRY IR H RN ouifind RidogY! ded

with a nmulti-layered coupling wndow arrangenent to substant y reduce
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ant enna and thegﬁ%azs , Tﬁgf\%ﬁi litate discussion, FIG 7 illustrates. a
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enbodi nent of ' ' e r | | ndow
arr angenent 75%%95)%228%&]{&%%%&’%9#% pg% k%%) HP ﬁﬁ'eﬁcsgg%fdﬁl‘égérv’db ﬁumf 2

i | lustrated 5 implemidatatidn, thbbwo ldyagareiienmliyibondedvopetbyy. T0Pvéves litlosldade
| east a first layer 704 and a _ second | ayer 706. Preferably, first |ayer
704 i s bonded PPlddbSais|ingea limiationang fiat othepbending propesses mmebe wisd| ayer s

are thernmal |y Jonde ' I t athisis
not a limtat fagn an%e{)ﬁ%?ﬁ%lﬁ%g? @onﬁagk@ﬁé %cgggg{épﬁ%gb%@s%géwﬁym’ 1e.a

Al t er nat i mel y vaéuns bspibich 9 toatlest ghhﬂbwfbe@@dénwai@s,@bﬁm%bbﬁﬁﬂg% the

| ayers, i.e a 10 vacuumgap_or a gap to allow gas fl ow between the

| ayers, whil ebensiits depsribedaHivgthemmore sepmard layer J06 prefasably foumstpasofdheimerecond
| ayer 706 pref.er {..the i nner peripheral surface of the
process chanb@fgﬁﬁ%é%iespﬂ%\%f%értog?%c %beg'econd | ayer, the second |ayer is
configured to act as an electrostatic shield that reduces the potenti al

di fference on its Reffrasgfirskty thbeecont eyer, e e dydray ednfighred toABAAGNt 0 be
electrically isolated and preferably fornmed froma conducting or

sem - conduct i Ri§cHegtets Hield E@t fe@&?ﬁsf%%wtﬁlﬁﬁﬂ differancp g8 its gurfege. budher, thee RF

f t I ddi ti Il b e second
Cayer i s SoxpSeo IERPR shnkioR AR ool ol Hia et A ERed S0 0
layer is pref essiuciing boderd Gohdiing niddred tadk cdrRbilitate Seutabt bAhbyctvaR St ant

to a plasma. In a preferred -
energy from the antenna to the plasma. Additionally, because the second layer is

exposed to the plasma inside the process chamber, the second layer is preferably
formed from a material that is substantially resistant to a plasma. In a preferred

20 embodiment, the second layer is formed from Silicon Carbide (SiC). For the most
part, SiC can resist the thermal, chemical and physical effects of plasma processing.
In addition, SiC is generally classified as a dielectric, yet yields some resistance to the
flow of cutrent. The resistive property is what produces the shielding effect, and the

dielectric property is what allows inductive coupling.

25 'The resistivity of the second layer is an important parameter for ensuring that
the layer act as an electrostatic shield, while not impacﬁng.the inductive electric field.
For the most part, the particular resistivity range to be used in the invention depends
on the exact dimensions of the antenna with which the coupling window is being
used, the operating frequency of the power coupling and the thickness of the second

30  layer. By way of example, a resistivity from about 100 ohm-cm to about 10kchm-cm,
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20 enbodi nent, the second layer is formed from Silicon Carbide (SiC). For
the nost part, SiC can resist the thermal, chem cal and physical effects
of plasma pipswesie@ |n addition, SiCis generally claygirfisaobsaniag
dielectric, yet yields sone resistance to the flow of current. The
resistive property is what produces the shielding effect, and the
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vol tage diyi demdiadowerirrakihychiie forad bl die exdugive seeond layrpend fierchambkd ch i s
formed by the dielectric first |ayer having a constant capacitance, 10 and
a | ower part, Wlsdsiorsigmisioneanddhe consduelsvrageqndlayes ape fhe nlasres afies dgnitien.
chanmber wal | fore.igRi.tion o

ol'asma after TipengnioPRisiaft RBthiablaabiEii . ARFRRRAA IR, Atatdl
capaci tance, %&a@d‘eﬁﬂiﬁ%@@zﬁﬁbﬁl@ig, inSoréer t@tiditate Rl dicberse] seapgcitigatlettoic (e. g. ,
in order to initiate the discharge, a capacitive electric field is

typi cal | y necdipthisyypicallnnecessgii+ Adar igniion sialowsapart hassa largepapeciiengraeichance
such 15 that t vol t.age.i s.substantial ly r ..an f.ore it does
not | ead tlg sitg%iﬂ?‘ei %Oé 6180%1853}1 "’lﬂ@er e%%ﬁg’rangﬁeggﬁgeg{ta&%@??%aﬁgtgﬁl [0t he

first |ayer, tdgpadiﬁ‘re%;ov‘}ew@gpﬁlfg, preferably forned froma dielectric
material that can facilitate the passage of inductive RF energy fromthe

(%]

Referring now to the first layer, the first layer is preferably formed from a
dielectric material that can facilitate the passage of inductive RF energy from the
antenna to the plasma. Further, the first layer is configured to be strong enough to

20  structurally hold vacuum and robust enough to be easily handled during periodic
cleaning of the chamber. Additionally, the first layer is generally formed from a
dielectric material that has superior thermal properties to enable temperature control
of the window. By way of example, dielectric materials formed from Silicon Niiride
(SiN) or Aluminum Nitride (AIN) work well. However, it should be understood that

.25 this is not a limitation and that other materials may be used.l For example, alumina

and quartz may also worl well.

The overall thickness of the multi-layer coupling window 700 is configured to
be thin enough to effectively transmit the antenna RF energy to the plasma, while
being sufficient to withstand the pressures and heat that are generated during

30  processing. Preferably, the thickness of the multi-layer coupling window is between
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antenna to the plasma. Further, the first layer is configured to be strong
enough to 20 structurally hold vacuum and robust enough to be easily

handl ed dugigsodersgdi ¢  cl eaning of the chanber. Additi gpaldissooddigsedi r st
| ayer is generally formed froma dielectric material that has superior

thermal properties to enable tenperature control of the wi ndow. By way of

exanpl e, di el ebbuti(cs ami soual tachoForthkerf 1he firdilastee 004 Sicutd Kiare a(ibickdesd Ereater
Alumnum Nitride (AIN work wel er, it should be understood that 25
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sufficient to withstand the pressures and heat that are generated during 30

processi ng. Piléafigieapeilayarsmay npiyiaseardingrthe spscitiginpatenial ghesea doitach deyat-ndow i s
between -24 WO 2004/ 077608 PCT/ US2004/ 004399 about 0.5 and about 1 inch. -

Further, the first I . . ' oo t he
second | ayer 706. ]P\i%%/@ra %1%]%’,“? p ﬁgéqtth!g@éﬁe@%tt%f &%‘ﬂ‘gﬁ?? géﬁﬁ#ﬂgyw&%rg%g%%en
about 0.5 ando theaise of thesihasa protesking chmniker. b gerehil Moveser, afsniafl@ossieamnd

| ayer is preferably between about 0.1 and about 0.5 inches. It should be
under st ood t h3tndaybmgy refarce sostagtiqwdas svhen expgreive massrialasuchss S4F dreng t he

specific mater] osen e ther.e is ne requirenent
that the si zee@iopr&@' ?gﬁ%% ?I{r}%&g\nl%g b%gfelapéaqotﬁe w{ng%{vhcé’ugllrm ot “ﬁ%‘&e‘gf"asm
processi ng chasieide with the Hefpalof tHEQWRNAS arrénggifidhi, 260thRHdRG, theicBalsTMgTRY
reduce cost, particular when expensive materials such as Si C are “enpl oyed.

I n one enbodi Ferdow isirenfgiipd tobe substanfisibysircelan pin angthies embedigut, deb quser1 0

incide withhe sh ft t dth th
coupt i ng i ndbETRREBE R b AAN T A HARARERRY 1o And 70 et nor
enmbodi nent,  t Beyoddts outelt diBRE46RSofhe AitenROMYrieGo Wdde ¥hEMpEns @ i gur ed

to extend a small_distance beyond the outer dinensions of the antenna, in
order to redugkcEsgthxennduptivg alemenss whichingay dnpirele tlipanténns. & emeenamphhitch may
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may have a shape that is substantlal‘lfl the sane as the antenna, i.e., hoop
shaped. may have a shape that is substantially the same as the antenna, i.e., hoop shaped.

With respect to the dielectric properties (e.g., dielectric constant) employed, as
a general guideline, a lower dielectric constant, e.g., less than about 10 tends to
20  decrease the effects of the transmission line characteristics of the power coupling by
reducing standing wave effects. More specifically, a lower dielectric constant tends to
make the wavelength of the transmitted energy' longer, which makes the antenna look
shorter and therefore fewer nodes are created in the standing wave pattern.
Accordingly, a lower dielectric constant tends to make any inherent azimuthally

25  asymmetiric coupling characteristic of an antenna less pronounced.

Furthermore, it is contemplated that additional elements may be employed,
along with the aforementioned multj-turn antenna and multi-layered coupling
window, to further enhance the uniform processing of a substrate in a plasma
processing system. By way of example, a magnetic arrangement can be arranged with

30 the multi-turn antenna to control the radial variation of the static magnetic field within
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first end of the first turn 616. A secon the Tirst turn
connect ed1% o #18i Psparcoiithe firs chbnrestor G spant betwebd the AssAAOHID @Rddh®fcchhe

first t [ ted t first d of th dt 15 618. A
part of the f IFBOL8dHASASRALYREPEiRAr % fhrabnes Hefmed st the s ga 61amad t he
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the first tam 616 a
of the radial connection. The second leg 636 of the radial connection is connected to a

first end of the third tarn 620. The first leg 632 and the second leg 636 are

20  substantially perpendicular to the planes defined by the turns 616, 618, 620, 622. The
radial connector 682 of the radial connection extends from the first leg 632 to the
second leg 636, and may have a length that is substantially parallel to the planes
defined by the turns. The second end of the third turn 620 is connected to a first end
of a second connector 644. The second end of the second connector 644 is connected

25 to the first end of the fourth turn 622. A part of the second connector 644 that spans
between the third turn 620 and the fourth turn 622 is substantially perpendicular to the
planes defined by the third turn 620 and fourth twn 622. The second end of the fourth
turn 622 is connected to the output bus 626. FIG. 9 is an enlarged schematic top view
of cut out section 830 of FIG. 9, which shows a section of the third turn 620, the

30 fourth turn 622, the second leg 636, the second connector 644, and the output bus 626.
Because, the planes defined by the turns 616, 618, 620, 622 are horizontal, the lengths
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second turn 618. A second end of the second turn 618 is connected to the
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P e Cout ar otk see b D Tciaend e aoaBe i simmengr 648 Shd e eoombeond | og
636, and may RgMGcibrleal St subhiaktialg ve 918 O§1t Ak ald rﬁdlﬁ?&ﬁahlergé r 69t PRiA! anes

defined by the turns. The second the third turn 0 is connected to
a first end cbnzectacsadbsantialiythorizéiddd. The second end of the second
connector 644 is connected 25 to the first end of the fourth turn 622. A

t of th d t 644 620 d
P fourth t e 09 BRGNS wihn Pk 4 R wRA I 2l ThE Bid ien 620 fttienctoad by
the third sturqo@%@@@lect)ﬁ&léﬁdudosrrrhé%%he AREeRPARAYInE Wb Eoﬁdkgmdfw@%totr thd Urn

622 is connected to the output bus 626. FIG 9 is an en arged schenmatic top
view of cut diurdmatﬁlﬁ)mreaaﬁrajédwahlﬂ,mmfgapri%ho%esecsa@lagcﬁ?nﬁoffthdmdiahl rd

turn 620, the 30 fqQurth turn 62 he se 6 cond connect or
baa aod’ the® GREISGEO{bopisied 1adhe Smtend HAef BRIBIABIR 20 L5 SHEnd or e 616,
618, 620, 622 6

PCT/ US2004/ 004%‘%“’&"9?5 " &%?he"t éi‘@%émelh%@gggnﬂﬁ M&%@é%ﬁ@ %%ﬂ’fr Fst
connect or 640 firstiedd 064 arlthadecoad mnemmoﬂﬂdmﬂdmmtfm hedches M0t 1624, |

while the radia connec r of the radjal . connection is substantially
hori zont al®. FAGIrstretel 162G fopme p agsreved ¢ratilaver pertion F0XxS thafiestend 1904 urn 620

has a first egﬂig%%ﬁﬁﬁoﬁﬁ%%ﬁ %%aﬁ@%gé%%}eﬁ@? Stioh 1834 | r&% sgrﬂ)%dglegg“ and

t he second en turn are s par at ed

gap 1012. Thel6@8: Chitk ﬂcﬂ@:e@fiﬁszlomh end ﬂuernaﬁowe@mﬁéweepomsnsmmewwan@v t he
first end 1004 of the third turn 620, The second connector 644 is
connected to thr@ag@e@ﬁ&aeﬂavezmewar 1030 1034 todia alpng o samprmdialditsction,r st end

50 e A BRI S, 171

ever he first

end 1004.15 Th&@ﬁ@lﬁl@&dﬁﬂif@ﬁeﬂﬂ%%ﬁla{ﬁi&yﬁrﬁﬁdﬁmﬁﬁﬁhﬂw grurAO i on 1034
of the second end 1008. The notches 1020, 1024 and the narrowed cantil ever

portions 1030¢0mDIBiP netghedtumisa fap poshevIciaIC) Ky dhat hos ¢ hotsbedifiBoendiasls 1 o
lie along t hesesé:%ﬂg entfl%' t%hn%aﬂtﬁ%er %ottlons, where parts of the cantilever portions of the

first end and second end lie along the same radial direction, so that an elecirical
connector connected to the first end lies along a common radius passing through the

20 antenna axis as a second elecirical connector connected to the second end.

FIG. 11 is a top view of the fourth turn 622. The fourth turn 622 has a first
end 1104 and a second end 1108, which are separated by a gap 1112, The second
connector 644 is connected to the bottom side of the first end 1104, A third connector
1116 is connected to the second end 1108 of the fourth turn 622. A notch 1120 is

25 formed in the first end 1104 of the fourth turn 622 to form a narrowed cantilever
portion 1130 of the first end 1104, The notch 1120 provides a space for the second
leg 636 of the radial connection to pass without shorting, Since a space is provided
for the second leg 636, the first end 1104 and the second end 1108 do not overlap
along a radius. Instead, the fourth turn 622 is incomplete.

30 FIG. 12 is a top view of a upper connector 1204 above the fourth turn 622,
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whi ch all ows the second connector 644 and second leg 636 to lie along the
sane 15 radial direction of the turn, which may forma substantially
conplete turn. A conplete notched turnis a turn as shown in FIG 10, that
has a not c N&200#PEW0%eNnd and second end to form cantil evdlCTH¥20944184399 wher e
parts of the cantilever portions of the first end and second end lie al ong

t he same radi di rection at an.electrica onnect or conpected to
the first: enda]:.}}eelgjpﬁﬁ @Hﬂedéormgﬁs ?iﬁﬁt Gggﬁ%{?g?tﬁ to[tfﬂa anﬁﬁct%ﬁeilﬁtf’@ﬁﬁa
axis as a secqgghl &qtcbme@tedqema%gm 16AH26C 18 hdwn B 99%%5?@&1]]3%&& 11

is a top view of the fourth turn 622. The fourth turn 622 has a rirst end
1104 and a seddid exisddsit@8 thefoch han&22 apdo tieeyipéncoangdyr 1204 2andfheugggond

T connact GPERSPIOR 208 SElhaibpe i ioeh i ok ot 655 ot e etk h
Lurn 625 (o Rtz bl heupger CRRIRGR 10408ld bligtly EPRBIS il Bl
The not ch 1120n gredoinde turm wep ecrepdsated by adeidgaih the plgn636the ffotdieturadl 2ind
cecond | og 63672 AHEtH: At Geth e T acioh of e Jomih W 2Te68l o mrveniovei ap

al ong a T2 U rbBSISBonIoHE BHBAINCHE PR BEOTRLE! By Bad? | 2

top view of a upper connector above
2004/ 077608 PEZinugRdGdyifidRies niteed, thpapper oomectont 20823 ges theapabialdidg tha1d

connected to the thjrd cgnnectqr 1116 and. a  second end connected to the
out put | e¥d 6§§?eﬂ§£§ﬂﬁﬁﬁlWﬁﬁF&@ﬁhﬂnq > PHi abgve e faetdum 82216 ext ends from
the fourth turn 622 up to the upper connector 1204, and the upper

connect or 1204 ext exdsy mus 1 détieleotinl] s1OSTIUELD 511622 . 9, ¢ hat

the fourth 5 turn 622 and the upper connector e a su y
conpl et e t ur nend find heeogag end, whisheathé disttehd bt the wecond en efthatseshbndytwm dugi dge

in the plane of the {?a rth turn 622 eind a gﬁgifferent radial | ength than
the radius of HHREPEBEADN 2sGrand tamygigi 1l 2c & FRNOGRIOT 0 isconaecirsiotte

connect the bii.da84bPiHeREH8 u | | Al 9@'% hat cause
azi nut hal asynmet rclles. I nst egﬁcf,hl’btlﬁéF[@Bp%%%q@o%e@%ﬁ?%g‘g%% gefs'? the gap
al ong t hels 10csmrvetedad el setedgnt of thet decorfdatuin 618t Both e Zirsfaid anl @veesckbal
fourth turn 622, FIG 13.is a_ tgop view of the second turn 618. The second
turn 618 has §9 p¥the second turn 618 form notches. A first notch forms a narrowed cantilever
portion 1330 of the first end. The second notch forms a narrowed cantilever portion
1334 of the second end. The notches and the narrowed cantilever portions 1330, 1334
allow the narrowed cantilever portions 1330, 1334 to lie along the same radial
20 direction, which allows the first connector 640 and first leg 632 to lie along the same

radial direction, which may form a substantially complete turn.

FIG. 14 is a top view of the first turn 616, The first turn 616 has a first end
and a second end, which are separated by a gap 1412. The first connector 640 is
connected to the bottom side of the first end. A fourth connector 1416 is connected to

25 the second end of the first turn 616. A notch 1420 is formed in the first end of the
first turn 616 to form a narrowed cantilever portion 1430 of the first end. The notch
1420 provides a space for the first leg 632 of the radial connection to pass without
shorting. Since a space is provided for the first leg 636, the first end and the second
end do not overlap along a radial direction. Instead, the first turn 616 is incomplete.

30 _ FIG. 15 is a top view of a second upper connector 1504 above the first turn
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end and a second end, where the first end and the second end of the second
turn 618 are separated by a second turn gap 1312. The first connector 640
is connected to the first end of the second turn 618. The first |eg 632 of
t he radi al WOM4&BTP®n is 15 connected to the second end JCHUERIGAOOEMY t ur n
618. Both the first end and the second end of the second turn 618 form
tch fornms a narrowed., cantilever portjon 1330 of the

notches. A fir

first end. Thfﬁée@g‘ﬁﬁe"ﬂﬁ HBP‘?Y(?PH%GGQPIHQ&F rsbend; qoghestedsigrthe Brth1334 of

t he second en ' | ' 1330, 1334
al l ow the nar ?8%%%2&%??‘25%%3??%@%@%@ @%g@lﬂ% %Yiﬁ?igzeggr%én%qﬁﬁe sane
radi al 20 di r eonieotor 14h6 extends foova thehfirst tirrsé 1 6agniodhd sgcobdl Gppren dorfrictiol 1584 632
to lie along th&sam& radi al directian, forma substantially

whi ch na
conpl et e t ur n 2gfhe seqond uwpsr ¢qumecior{y0rextonds ahoveths fisshenghaf therfiest i §16+ ur n

616 has a {ir gl%ﬁ: Q{Eﬂ i 412.
The first %on%ggﬁggeg 'S é%)nnegig%%m%%%gc ot g@ﬁq@é‘(?@é@%@%’@mﬁﬁ@l end.
A fourth conneomoletelttis Ifshecgupria hicefitst tori?Fad dvtnpmacaedbentridde ke plansbf t urn
616. A notch 1420 is forned in the first end of the first turn 616 to form

a narrowed caits fstam okt andot axdiBerepfradigdength Shandheradingeof Hen Hst tugm 20
id f ' i al [ ] t
o Chout  ehor £yt oBfapblihe wduld be fBEE Blunbdt By Bl o IS in BulhePT 10

first end andridid casestndvhieh thay@anelazdmehdl apyramenids Alisheiahe 8icoRe tips-
Instead, the first turn 616 is inconplete. 30 FIG 15 is a_top view of a
second upfer &omnsetor 4504 badgesihs apakengithe samq sadigl lengh apthofisygy §EDdut

PCT/ US2004/ 00 econd upper connector 1504 has a first end
connected to t%ﬁ%%fﬂé‘gﬁfsﬁu}ggrl\ﬁ'ect or 1416 and a second end connected to the

i nput | ead 624. The fourth connector 1416 extends fromthe first turn 616

up to the second uppeicmtionadsbme, 4 di8kctricaiteridl enfaeqised befveet @@a{sor 1504
extends above the first end of the first turn 616, 5 so that the first turn

616 and the s&&&fd3u8leP2¢ Enpliaw Bie tume ip hadispased apelosgrsingssible te onpl et e
turn. If th ) .St . . a bridge in the pl
of e 11 rot amer e sutstatbial bt BORE IR YRt Piieratpl T 2 o

the firstistur FIG.a6 it adiask-sectiandgei oftie t0mb 61005180620, 522 katth iRalaBbh dge
to the first turn, causing radial currents, which may cause azi nut hal

asymetries. Pispessddhere hetWesnoAbe fisbercond, badnat fonrth bous 614, 648520062%ap
along the sanmg. radl8ls 4,600 0 cds 2l Pn%ula{og' 3504 %rflamt%g ’ass%xl%ltbly, as shown. The

central insulator forms a bottom ridge ring 1608. The assembly is placed on a bottom

insulator 1612. The bottom ridge ring 1608 of the central insulator 1604 is mounted
20  into a central groove of the bottom insulator 1612. A top ridge ring 1616 extends
above the first turn 6.1 6 and fourth turn 622 so that distance along the surface of the
top ridge ring 1616 from the first tum 616 to the fourth turn 622 is greater than the
minimum surface distance required to prevent arcing. The bottom insulator 1612 may
be placed on a faraday shield 1620, which may be placed on the dielectric window
25 212,

FIG. 19 is a top view of the faraday shield 1620. The faraday shield 1620 may
be provided to further minimize azimuthal variations in coupling and to conirol the
extent of capacitive coupling. This may be implemented by either grounding the
faraday shield 1620, applying a specified voltage to the faraday shield or allowing the

30  faraday shield to float. Since the antenna footprint is in the shape of a ring, the
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above the first turn 616. As nentioned above, a dielectric material may be
pl aced between the turns 616, 618, 620, 622 to allow the turns to be

di sposed as cl ose as possible to one another, while substantiall
el i mi nati nFAPPHAYHet ween the inner and outer turns. 15 BGRASH@H (64398
cross-sectional view of the turns 616, 618, 620, 622 with such insul ation

di d th bet . first, s d, ird, d th 5 616,
15, 820, 620 TR SOUHEAS TR & TOEApm hat et B foBlph of o R
assembly, as qﬂmrei@%deﬁﬁeaiﬁ@ént,itﬂ@ﬂkﬁfa?&mtcﬁrmo@s PBhE Aok icHQFichily9 1608.

The assenbly is placed on a bottom insulator 1612. The bottomridge ring
1608 of the centteddl thatdsislightly lag@4hirstbeboniprat of the amanna ané mithak legstamee of

t he bottom i nsul.at qr 2. Ato idge ring, 1616. extends . above the first
turn 616 and frﬂﬁl.i}si sﬂmt lﬁl: é‘ﬁ?%ﬁﬂ‘fﬂw &“&t b’h‘%@eré}@ﬁﬁ'e‘% ﬁ@g%W§@én%F thageone; op
ridge rings 16%ftfi§ prowvideg. first turn 616 to the fourth turn 622 is greater
than-the m ninmum surface distance required to prevent arcing. The bottom

insulator 1612 may be placed on a faraday shield 1620, which may be placed
on the dielectric Wnrdewanpledq this @nigdiunent, theduns 616,i6dR, 620, HA2 afecabanialycm

oo mut hat - var i ko o8 FetaD fsflalns B0 sto e R Bt & fince i atB O ae 11 ve
coupl i ng. Thi sigEeck aboRloe Ak, bmeefa&ziaﬁg SIS b Ml cibdes of AoRbRYs Sy el d

1620, applying a.specified voltage to the Taraday shield or allow ng the 30
faraday shi el dherefpledbe dis@nechetwem thataofdhd dietepiricntindewi2n2 thé thelfagieesbf a

ring, the, -29 WD,2004/ 077608 PCT/ US2004/.004399 _faraday shjeld 1620 may be
inaring' ha;?é‘rttoréi‘e WH{SCW&“E%@EF%?%B? st gF ?‘{“ﬁ@ tﬁ‘ﬁ&ﬁ%nﬁfz 15|goytfeem.
preferred emegipsat.in i chBoaaam:, 3k 8 e
material that 1| g sl gﬁl\t I yel ar ger t’hgélgtsﬂrgﬂ?ggp%??ﬁlte%@glt e gﬁ?ennyg&r\%{ wth
at | east one thadthede tehetthd 8istinecfranshpdiclectnic window 2hg to fhe fathvet papr efthe r ed
enbodi nents nore than one 5 slot is provided. In an exanple in this

enbodi ment , t AEDEVHER H1eME18 620, 622 are about 1 cm thick. The central
I nsul ator 1604 spaces the turns a distance 616, 618, 620, 622 a distance

of about 0.5 cf apliliess] lirhb A MidIeE 692 Ao i GRRERST 1Pthe MYy Ihd > O

Therefore the di stance between e top o el ectric”w ndow and the
farthest 15  first leg 632 is substantially perpendicular to the planes defined by the turns and is

placed close to the input lead 624 and the first connector 640, to minimize
asymmetries caused by the first leg 632, input lead 624, and first connector 640. The
first connector 640 and input lead 624 provided canceling magnetic fields long
substantially the entire length of the first leg 632. At least in the area the second leg is
20 close to the window, the second leg 636 is substantially perpendicular to the planes
defined by the turns and is placed close to the output lead 626 and the second
connector 644, to minimize asymmetries caused by the second leg 636, output lead

626, and second connector 644.

By placing connection concentrations at different azimuthal locations, such as
25  being on opposite sides of the loop, non-azimuthal perturbations created by the
connection imperfections are separated, which improves azimuthal uniformity. By
placing such connections on opposite sides of the turns residual dipoles, caused by the
connections, may be made to oppose each other. Although the residual dipoles,
caused by the connections, are placed on opposite sides of the turns, this embodiment

30 . causes them to oppose each other, instead of having them at the same side of the turmns

-30—



10 part of the turns, which is the top of the first or fourth turn 616, 622
is about 3 cm Therefore in this enbodinent, it is desirable to place the
radi al connector 682 greater than three times the distance fromthe
dielectri cWRHOSR 4D to the farthest part of the turnsPGIHIRAOYYYIcm At
| east in the area the first leg 632 is close (not far fron) to the w ndow,
the 15 first 32 .4 j y_perpendi cul ar to the planes defined
by the turns éﬁnggééé%%%ggg%kggéhﬁ%k¥ﬂé i nput |lead 624 and the first
connector 640, to mnimze asymretries caused by the first leg 632, input
| ead 624, and fir stTiednvative tntrith hatbeen found to srovide ah @pprofhaadlg 2inpy | ead
624 provided canceling magnetic fields long substantially the entire
| ength of t he deFyease indhe wagsuredazinayihal asymmgixy i wafer resuléecond leg is 20
close to the window, the second |l eg 636 is substantially perpendicular to
t he pl anes defi ned:jhy I: 0 | 626
and the second coﬁﬁgk%zgﬁ%ﬁﬁ§Q?%ﬁﬁgkﬁﬁwggg§§gﬁ%@@?ﬁ%@l%%ﬂ§€38§@gbﬁg%2 cond
| eg 636, aut puised Feahotl? 6mbaditheppafihelinvemtitec tTie tbitd turB¥2Phacd Mgt &QNIERL | on
concentrations at different azinuthal |ocations, such as 25 being on

e fied

opposi te si dedngf sespmndiegd d 705, grhers thgfirst gnd 1204 andihe senqnd end H708(p
connection i npgt foet lﬁﬂaolﬂ[- . } i } al__ ..
uniformty. By p acallr%%b%gﬁa@ﬁ onnegﬁﬁgﬁgﬁ\@zﬁgpﬁéﬁéﬁﬁgééﬁf&ﬁ%dl?]urns
resi dual di polcesinectiat fagnhyctédie thefinnest 1 sl thethik furiwde. The sRpage each
other. Although the residual dipoles, caused by the connections, are

pl aced on opp&8nRestaiodd ds eamneeied tothesccongprd & itheihbird 3on$@0s dheghpm t o

oppose eagh ot i { at_t ane side of the turns

-30 WD 2004/ o‘}?g%ga‘lﬁ%%‘gﬁ’}’g%@%{“g%@%&%ﬂ%@ f"l’i’Bm in the sane
direction. The inventive antenna has been found to provide an approxi mately
2-3 fold decrease The fbunth meR62 @ aXEEtendIR4 a6y Fe&iond chd 178 Qhidlesyl ts.
FIG 17 is a cross sectional_ view of part of a third turn 620 and fourth
tam 622 5 uséeParHedhne gap ['EHhokhersspandsonnestor G¢dneansactedivethe Firstgnd 734 620

the cecond end! trdatish R 622 P RIARE oGy Brae i ieoctelife flsSloriia 1728 o
gap 1712. ThetigeRaitd tiin®283Fhe fag M82raadicakhe HOAAGEHIRD td for@UAAESBHlelo t he

first end 1704 of the third turn 620. The second
15 loop.

An upper connector 1744 has a first end connected to the third connector 1736
and a second end connected to the output lead 626. The third connector 1736 extends
from the fourth furn 622 up fo the upper connector 1744, and the upper connector
1744 extends above the first end of the fourth turn 622, so that the upper connector

20 1744 bridges the gaps 1712, 1732, This results in the upper connector 1744, the third
turn 620, and the fourth turn 622 forming two substantially complete turns.

In this embodiment, instead of using notches to allow connectors, such as the
second leg 636 to pass by the fourth turn 622, the second leg 636, passes through the
fourth turn 622, the upper connector 1744, and the output lead 626. A hole 1760 is

25 placed through the fourth turn 622, and a hole 1764 is placed through the second leg
636 and the upper connector 1744 to provide sufficient space for the second leg 636 to
pass through without arching. An insulator may be placed around the second leg 636
in the holes to further prevent arching. Although the gaps in each turn are not bridged

in the same plane as the turn, radial connectors have been moved a large distance from
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connector 644 is connected to the second end 1708 of the third turn 620.
The gap 10 1712 causes the third turn 620 to forman inconplete | oop. The
fourth turn 622 has a first end 1724 and a second end 1728, which are

separ at ed MO 04817688732, The second connector 644 is con®&EFWEROHPINRL fr st
end 1724 of the fourth turn 622. A third connector 1736 is connected to

t he second engli‘\l?Z the f rth turn 622. gg g@g 732 causes the fourth
turn 622 to f Oiwn fW@S’ﬁy cIkpted By BHdgBg theogaps atthe same kadial

first end con gﬂgg L telths thdtbdah ECHRMH1ahE36 theald, i cted
to the output ad 6326“{1'&‘?;11 onnect(? 1736 eext e%ggjg&()@gat%%mﬁj %uwrfth
turn 622 up t asyrivaetrpfiom mdmahmntents tha44sulta ntradiabcomppaorsomsre phibed neat ks
ext ends above.t,h(i)fi rst end of the fourth turn 622, so that the upper
connector 20 FABE%ri dges the gaps 1712, 1732. This results in the upper
connector 1744, the third turn 620, and the fourth turn 622 formng two
substanti g ly corrpl Baikihs Bs g,gp‘qﬁm@to hes
to all ow connectorsB%Isuc asmt:lchﬂ3 tdgggg eg 636 Op%gggg IJFllé,\é:n;éour?%‘tigturn
622, the secodobn thg s68hd lgmSHemdtdutm ddadtddé ard ably folbettenr unGﬁZéactt biaetidper
connector 1744, and the ou put | ead 626. A _hol e 60 is 25 placed through
th e lased cloge tithegesnnd foe Gi6d

the fourth tuAdises, %FR&’C’% FoymEcter pmEPVidyy 636
and t he upper gﬁﬁ 744 to provide sufficient space for the second | eg
636 to pass t roug vvlt out arching. An insulator may be placed around the

second leg 636 in the holes to further prevent arching. Al though the gaps
in each turn are n®IGbld idgetossisactionel ﬁawmfﬂieﬁimoashmmmm(}],lﬁwﬂérala

connectors have been np g Irit i stanc r.o -31 1 WD 2004/ 077608
PCT/ US2004) 00R8%Y© aﬂlFFém@ﬁ Qfgiﬁfp aﬁg‘g 205 P“&Eﬁﬁ%@%@ﬁtﬁ _ETBY2Br i dgi ng
the gaps at thﬁcﬁmveaﬂteatasaﬁiéﬁtd@gta&eatnbhg JbR AR oty | e sarre
pl ane as the turn'1s not as great as azi nut romradi al

currents that 10260383, anhﬂe@%ﬂtodmm,&pmﬁumﬁﬁﬂ?rpﬂmi@Uﬂﬁm Pheeessiigndow. 5
By maki ng second | eg 636 éoam al with the output |ead 626 the nagnetic

fields from Ratessdydiryad gt dadleden Hntguper) 8&@%2@%?‘%01'99!3&3@@%@?1’&
cancel each Ot%ﬁfen%égfér ?ﬁg%tobé%nTh%%%ss?@e%&?&nﬁ%@@ﬁfaﬁ%eﬁ S thtedilcBGRd cl ose
g 0 provi d

to the second
15  azimuthal asymmetries. This pass through design allows for a clear design of the

passive antenna, which helps 1o redirect current back to the desired azimuthal current

path.

In the previous embodiments with first, second, third, and fourth turns 616,
618, 620, 622, ihe first and second turns 616, 618 may be considered an inner loop
20 and the third and fourth turns 620, 622 may be considered an outer loop, with the legs
and radial connector, connecting the inner loop with the outer loop. In these
embodiments, the inner loop is concentric with the outer loop, where the outer loop

has a larger diameter than the inner loop.

Although in previous embodiments, the antenna is formed from a first loop
25 and a second loop, where the first loop and second loops are of the same geometry and
are co-axial and where one loop is placed over the other loop, other types of antenna
arrangements may be used. Such other arrangements may use two single loops or may
provide that the second loop is of a different geometric shape than the first loop. The
loops may have more than two turns. Preferably, the azimuthal gaps in the turns
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further canceling. FIG 18 is a cross-sectional view of the device shown in
FIG 17, where a 10 passive antenna 1804 is placed adjacent to the third
turn 620 and fourth turn 622. Such passive antennas are is discussed in U.

S. Patent XHIOOEATF®n Number 10/ 200, 833, entitled "Mt hEGIER4APHE? at us

For Producing Uniform Processing Rates", by Howald et al., filed on

Septenber 22, 2002 . and . ncorpor.ated herein b referen fo | pur poses.
The. passi ve afbuRingB54oRE Al Biflelted S i hrctbos A2 B4R ndlefttoss Bt
asymetries. TBiiapd Rpmat fabii 0B H2 lasbOMe AlrhONFackB o @E%m@ Qb8 N0 ddili,
passi ve antenna, which helps to redirect current bac d

to the desire
azi mut hal cur resinputpadioutpul feeiemay be icoaxdal domeeti oftiegislenpthh as ancgher veayadnd,;

hi rd, d f h. 616, .6 620, . 622, fi d d
616, 61 nay  HECHRIPAEBARAeER i F SO Gient e S0P ALF BIRGHDBLATHY  ur ns
620, 622 npy hes BERS MGEeraRbRUhE furh 8RR arddipenbfted sggsrierﬁ&ﬂcarnﬁfﬁv@%

connector, connecting the inner loop wWith the ‘'outer l'oop. In these
enbodi nent s, gidng fimg ivtomatches ehihie sams radial tistanbeasodesenibdddn FIGHRIEY adt he

fpla
outer loop h | ar ger di ter..than the_ ipner. | oop. Al thgugh in previous
enbodi nent s, 3%%&%&@%{%&%%@%%%@% 1 PZ%"t‘&ﬁQﬂé?Ig%i%hd | oop,
e a1l S AOEpAns AR RS ey AR R AR, 2

co-axial and where ohe |oop is place ot es of
ant enna ar r acgeesbysddrg abedditienk! pSumhangertmartumrin apieresnbsatimly paelitito

single | ogps or rovide .that the second |oop is. of a different

geonet ri c! hagl? qqﬁ%ﬁuﬁpim}eppg ara%ﬂﬁ n‘?ﬂg’ e‘l“g]o‘ﬁsiﬁh sipgARIRg R 598 #hthewo
turns. Prefer | | =32 A 4/ 077608
beT] U204 o aanyradidl Oéﬁg%ﬁ? 1 o 8 Budbr S4Bty cBlpldd %g%'gaps make

a radial angle of less than 3 and so that radii of the ends of the turns
adj acent to a gap &neh ¢ther mramgeméents amgiuss vo, singlé opraruaygrdvide thatthef eeds

may be coaxial for part of .their |engths as_anoj her y of reducing their
di pol e eff ect _seqond{%pgsgﬁwéfer@ﬁg?om ° shAps eg-FSé\{\%Pef NGy BOBae 5 1/ 8
inch. Mre pref8taBhdopshent #Bpd zﬁ@@o&@tﬁﬂfmﬁﬁnewo@uhg%ﬁg théf8bbs OV eT

portions fitting into'notches“at the sane ra di st arice”as described in
FI GS. 10 mnd preferably have more loop tumns. Preferably two loop turns are used so that the partial

turn compensating azimuthal current length (see FIG. 12 1204, FiG 15 1504, FIG. 17

2

1744) is approximately equal to the azimuthal gap and simultaneously places the two
-loop leads in proximity for field cancellation. Construction of many loop turns
preferably requires even azimuthal spacing of the vertical connecting legs and the
20  associated azimuthal gaps so that approximately an integer number of loop turns is

achieved while providing for the loop leads to be in proximity for field cancellation.

In the present invention, with the radial connections between loops far away
from the window, improved invented antennas can be constructed with multiple loops
made of single or multiple loop turns with azimuthal current compenéation at the

25 same radius (see FIG. 10-11). To make improved azimuthally symmetric fields, the
constraint on having the loops in radial proximity is removed. It is better if the
individual loops are electrically short compared to the wavelength of the energy
transmitted through the antenna. It is preferable that the loops are close together so
that the loops have a combined length that is smaller than the wavelength of energy

30 transmitted through the antenna arrangement,
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13. When such oriented cantilever and notch design are inpractical, the
present invention prefers follow ng the principle of conmpensating for gaps
in azimuthal current by adding an additional partial antenna turn in a

pl ane subsWhio#17§%8aral | el to 10 the other tam planes WHTHSA0MOREH
nearly equal to the m ssing a2| rrut hal gap at the sane radial position to

form an integer f su aII h ot her
arrangenentsgnay uﬁé S& 5k I]@,\allcd Jrigho {}Tgb ﬁhfﬁ%ﬂ'ﬁ}w&@f?‘ﬂﬁ AR oop i s
of a different aaomRibeo® haa%ofdaa& th bfie ém&a&uﬂeﬁapfthJ Bﬁe&&t méné% Wiefe than

two | oops. The | oops nmy have one turn. For higher cotpling fie
| oops 15 pr ef enkytiivg thar erepoeided opha mulistinPrdéenanapgdment E@(M)mnbh;dessa are

used so that the.partial turn.c en in zi nmut hal rent ngth (see
PG 12 1204, RS arkame SRReRrRouRAAg & R R SR Ul VBT o t he

azi muthal 03P eRfihI5] YDA SRl 6 e hftburta10 h R RPBYT gau&re%um ty
for field cance : Construc I on of many | oop turns ~preferabl

requi res evenilhwtrated maFIG#aci ng of the vertical connecting |egs and t he 20
associ at ed azi nut hal gaps so that approxi rrately an integer nurrber of | oop
turns is achieved l.e pr vi di ng. for heI Iaasto e rOX|mty
for field cancell aP)lﬁlgh Sp‘%é%f@mahm% figs gt

connect i ons bQ@Y@&i&A%HﬁdEﬁﬁZ@ﬂaﬂnfﬂh%ﬂnw&ﬂ@hf‘gﬁ% g%@ﬂmio@\é@gs&ﬁlgl tiple

antennas can be constructed wth nmultiple I oops SI ng
| oop turns w t:dsupaedmﬁnat eminfrthanﬁrsthxup@@ﬂsﬁatzkeecoaﬁeﬁd\&ffﬁﬁﬁsﬂmmmadiﬁﬁ5 (see

FIG 10-11 To oved azi .nmu 1y s tric fields, t const rai nt
on havi ngl ! heOPBEHE STy R Qe f5fids %@wf-ytée R pmectian.| & Stronildee SP0uate
| ndi vi dual | OgR%adhPedtheGldnif BhdriiRRAup RATRRERY chf of e MEHHRAI1EAIA2 Ofart e

ener gy transmttedthrou h the ant énna: IS prefera eloops
are cl ose togkhfielossdo tlidmmdbw;athb cﬁcqmgmze aadd;lnm&cclsmﬂeg 203 dretstilsstanitially

smal l er than the vd\g@ﬁl en%tlh of ener 30 transmtted through the antenna
arrangenent . PUBg DHAEGET s 604339 Theredialxgnpacter 208R fat i ¢

|| Tustration g, Adjaf; r@g@&d&’&te@ﬁ% ﬁoﬁ’i%é fus&%ﬁg’h@@%@%ﬁe@&\%ﬁ@%ﬁéﬁ%ﬁ% Wg in

accordance to one e I ment o resent 71 nven

turns ar eispr ové slddtanfihidy parhliel 16 wdian:&tﬁrelﬂﬂa tarnsangeonnt endIthd mbxktﬁﬁ@n a
mul ti-turn antenna operatively coupled to a RF power source 2004, which,

for 5 exanpl 20325 geewiively fouded oApewintt fad R926nAchiantaay How fromether power
source 214 yhut lead 2024 through the first turn 2016, through the first leg 2032 of the radial

connection, through the second leg 2036 of the radial connection, through the second
turn 2022, and to the oufput lead 2026. This current flow is indicated by the arrows.

20  Accordingly, RF current is made to flow through multi-turn antenna 2006 by applying
an RF voltage between the input lead 2024 and the output lead 2026.

Still referring to FIG. 20, the second turn 2022 has a larger diameter than the
first turn 2016. Although the outer turns (e.g., second turn), have larger diameters
they are preferably disposed proximate to the inner turns (e.g., first), That is, the

25 second turn 2022 is preferably arranged to be proximate to the first turn 2016. As a
result of their close proximity, the multi-turn antenna looks and acts like a single turn
antenna (e.g., substantially no space between turns). Accordingly, the high or low

current areas in the radial direction are substantially reduced.

As in the other embodiments, instead of using a bridge with radial legs

30  adjacent to the gaps, the antenna this embodiment provides radial connectors between
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illustrated in FIG 2. Milti-turn antenna is substantially circular and

I ncludes at least a first turn 2016 and a second turn 2022. In this
enbodi ment, an input |ead 2024 is operatively coupled to a first end of
the first WRP0PO1T698 A second end of the first turn 2016 BE/UBF@IEIRP| vel y
coupled to a first leg 2032 of the radial connection. A second | eg 2036 of

t he radial conpection is erativel.y coupl.ed t Jrst end of . the second
turn 2022. At qH‘F ‘%anlé'{g&dg EPWQY#’HH@%%I?(&%V 21?3’&9 eéﬁ%@"ﬁﬂ?ﬂ“‘fﬁ‘?@ thecond
| eg 2036 are il flelddial&mR ' : had®h .

2016, 2022. Tﬁtmég‘g?%dll ﬁiggﬁdﬁgctor&g%s%}gg? Ttﬁteﬁg&rﬁg%#gl Coﬁlﬁ,%gﬁ,fhg’ﬁ,ﬁg%ﬁ&}

fromthe firsthetvegnaS@indowt dnd thermdind cormget@02ER2 iaatilcnsyhrbs titmes thehlidtandei al | y

parallel to a.diameter of the turps, A secgnd end qf the second turn 2022
s oper at i vel PeBBBIATRHON RGP REFE S FIRS ehedRInRA MOTow f 1 om t he

i nput | eads 2094 LKL difinck ibbfiech Wd W anll MY bf Ss0l ftng 032 Of
the radiial ¢ n%ectg}(’;n, tﬂr(?ugh teﬁe setra)vgond Iagg 203%3})#%%){%%% ¢
connecti on, t hradisigfonhéndiondcairienst fomr tini2f g2, disitetbotvrdea thanvindowl saddhe2026.
This current flow is ingdjcated the arrows, .20 Accaordingly, RF current is
made to flow tfﬁﬁﬂeﬁﬁbpﬂmﬁdtb?wgﬁﬁ %@#ﬁalazéeggfbyora SAdi comTtRr 208 may be
bet ween the i . I [ Ly o]
B G 20, the SERsARRRerAdbiaRhalcnG aphiline 1620 of ety ical 207 S e
2016. Al t houghutrasts flotveamtitparalk] (te figther sdacsite tagitguthdl avdnmat-gedused ByRidedls
they are {)referably di sposed proxinmate to the inner turns (e.g., first).
That is, the 2B8§¥&ond turn 2022 is preferably arranged to be proximate to
the first turn 2016. As a result of their close proximty, the multi-turn
ant enna | ooks and 'g&%jﬁ] I pol Hﬁa“z t no
space between turnq’?&ﬁ%%:%or |r?g$9%t?ﬁttet |g%agfﬁgﬁg%aﬁ%u@%ﬁ§1@%g§%eﬁg4dﬁe

radi al direct iton 2022, ssuhattthesdcand sarm 20R2cie dadidAby sehapdnefrorh ey fixrmvad2 ot A,
i nstead of using a bridge with radial |egs 30 adjacent to the:&%% s, the

antenna this &%beWRRAINGHS,uEE20T0f9rms apigReilorn prd Besarad tum rms
20031071505 Ly BAASERe et S TN BB AT

wi ndow 212. The e“tdi stance W an connect or

2082 of tie radn@022 tpekd irnenoaRaiisniche azithethal ditedfioe BbeVERD tirhehyygwlow
and the radial_connector 2082 is at |east three tinmes the distance between
t he wi ndow andiffgrentidigmeiess p righiglhcoprectsanysy e ysegfto copneghibe finkg tum086 with

the second turn. The radial connector is placed a large distance from the window.

Preferably, the first turn defines a first plane in that the first plane passes through the

entire circumference of the first turn and the second turn defines a second plane in that
20  the second plane passes through the entire circumference of the second turn, where the
first plane and second plane are substantially parallel. The radial connector has a
length that is substantially parallel to the planes defined by the first furn and the
second turm. More preferably, the first turn and second turn are concentric and
coplanar. In the example shown in FIG. 20, the first and second turns are coplanar, so
25 that the first plane and second plane are the same plane 2090. Preferably, an antenna
axis 2014 around which the first furn and second turn are disposed is substantially
perpendicular to the first plane and second plane. Preferably, the first leg 2032, the
second leg 2036, the input lead 2024, and the output lead 2026 near the window are
substantially perpendicular to the first and second planes 2090. By placing the input
30 lead 2024 close to the first leg 2032 and making them substantially perpendicular to
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5 preferably, the distance between the wi ndow and the radial connector 2082
of the radial connection is at |east four tinmes the distance between the
wi ndow and the farthest part of the turns of the antenna. In addition, the

radi al conMEti8#0776882 nmay be placed parallel and proxi nRCEHBIMPOEIP a|
| i ne 2080 of the output |ead 2026, so that the currents flow anti-parallel

to further reduce th Zi hal as tr aused radial, . 10 curyents. In
thi s enbodi me eﬁ%ﬁqﬁanpggyhm ﬁ@%ﬁ%@?ﬁﬁ%&%%@eﬁme({&%econd
turn 2022, so jtNaleaiPB2885PHR: e PO32029nindnizadli al |y set apart fromthe
first turn 2016éﬁler? this exarrp?e the first turn 2016 fornms an inner | oop

and the second turn 2022 forms an outer |oop, so that the first turn 2016
is closer to the aftethacrabidimeitsthe lees,senoentbrd,Snd lrads 2021y substantiily

antenna axis in each azinuthal direction. Becaus he tur ave a

G for ant i aREPERICURE BaPS R ECSH CHiTe EBUAL O HoRaE BRSPS he i rst
turn 2016 s t Ropddagyrs @@ NS thtare TRe IAME AlmEGNDRALWE. TRe &Eg%ﬂn@&gr ge

di stance fromthe wndow. Preferably, the first turn defihes a tfirst plane
in that the fiandicaps ammaopsrbsiastidllyrpenmndichlar opdbsategatherdamndvesyetfnem thd tuiee
first turn and the, sec ngl .urn.deth:enes a.secontg?&lt ane in that 2Q the, second

pl ane passes ChPEHPHS Hom dn pther erpdiprts, VRS ARERge oaybe Usfdr e t he
first plane apg Se&266 R ﬁﬁnéglpﬁﬁ i allel. The radi al
connector has a Tength tﬁglt?g S su sta%%@ldﬁ%gr%gﬁ@%él to the pl anes
defined by the first turn and the second tam Mre preferably, the first
turn and second t uiWhikrtbiscovengon hacbeandesaribpd antarms éfisevérel prefomede shown in

FIG 20, the first, and gsecond turns are, copl anar,. so 25 that the first

bl ane. andi% ecMIONIEAE: Tek 1l Caliony ins Regeicapriy BABIEH oM At enna
axis 2014 aro | : I I glgé]& d : i i
substanti al | ygﬁ%gﬁg%gﬂ'}liﬁufnﬁ’ v{k;ﬁ)éht e‘ﬁt@s?fh ef)SI% e at%féﬁlglgg{é%q%ﬁ%?ﬁ% Be
Preferably, t heteflifliad ther@ere 2R alieinetiveswspnud inplpni2fithg thie meethodsuindl ead 2024,

and the output |ead 20 near the w ndow are _substantially perpendicul ar
to the first APRFTAIBIS rﬁ’§ 'ﬁ}?lpé‘?ﬁégt 12&5%1.‘3‘189“6%&6‘?%@ IP‘F‘?B‘?EEdﬁBﬂttlﬂe@lloé‘&Hg 2024

“2es%i Vo 00750t BMinEe b B iioRR 65 BB i MPHRR A Yo RO GHORE 1
near the 1 ndpeymuaations} dndlsubsipureetuivaisnts as fathwitlyin teeirud spixit arldeadp26fite and

first leg 2032 are m nim zed.
present invention.
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In other enbodi nents, the legs, connectors, and |leads are only :
substantially perpendlcular to the turns and pl aced cl ose together for the
parts of the legs, 5 connectors, and |leads that are close to the turns or

wi ndows. The | egs, connectors, and |leads are not substantially

per pendi cul ar or close together far away fromthe turns or w ndows. In
addition, in other enbodi nents, the invegLAWSantenna may be used for
capacitive coupling plasma chanbers and other devices. Wiile this invention
has been descr|QﬁEn@%ﬁ r .of several preferred 10 enbodinments, there are
alterations, various no i%at i ons, pernutations, and substitute
equi val ents, which fall mﬁthln the scope of this invention. It should al so
be noted that tHere amanwawaradnganmtfmgenmmg af blettip FRIMEINSHOPplobRs Met hods
and apparatuses tgH resent, i nvention. is therefore |ntended t hat
the fol | owi ng Wﬁ @ﬁ?ﬂ?ﬁﬂ%ﬁa %ﬁ%ﬁ%@ﬁﬁgﬁngﬁﬁmﬂumﬁb all such
alterations, varlous nodi fi cations 15 pernutations, and substitute

equi val ents as fall withism &t 1bdp) Corhisi ama%u&s%ﬁmdﬁégssed%%ﬁ@%
invention. -36- I CLAIMS What is claine An" ant enna arrangenent for
generating an el ect r PEEFRAKE: | nsi de a process chanber t hrough a w ndow,
sai d antenna arrangenent conprising: 5 an outer |oop, conprising a first
outer loop turn disposed afighrdo rising
a first inner | oop turn d|sposeéﬁgggﬁﬁgﬁ@ﬁghagﬁﬁéﬁﬁgug§P§$O$Eg$gm%8¥E

inner loop turn is cHByWpaxs, whnsein thednmea logritign istdeser foghe &ritersin axisthan theoop
turn is to the anten i thal. directi.on adi a
‘connector radially e 6?§?§alﬁygggﬁ%@§ r"maﬁmlnﬁ? ?megﬁ?&Fm#W%a“ nner

| oop, wherein the radial connector is placed a l-arge distance fromthe

wi ndow. 2. Ihe antenna ararradiglem::‘tctfasadiaalb'ieﬂeetﬁchwcz:lnaéamgxhevdm&rrea‘ddﬁ tbte first
outer loop turn defy ane.and the fir I nn | oo

defines a second pl a{rﬁlg&%?o hrfmt%&ra Bhespestords plag rasl?rgFgﬁ g‘ﬂ'ﬂﬁ’ﬁg from

the outer | oop and awimdewnd | eg extending from

2. The antenna arrangement as recited in claim 1, wherein the first outer loop

turn defines a first plane and the first inner loop tum defines a second plahe, forther
15 comprising a first leg extending from the outer loop and a second leg extending from

the inner loop, wherein the radial connector is connected between the first leg and the

second leg.

3. The antenna arrangement as recited in claim 2, wherein the first leg is
substantially perpendicular to the first plane adjacent to the outer loop and wherein the
20 second leg is substantially perpendicular to the second plane adjacent to the inner

loop.

4. The antenna arrangement as recited in any of claims 1-3, wherein the outer
loop is a first distance from the window, and wherein the radial connector is a second
distance from the window, wherein the second distance is at least three times the first

25 distance.

5. The antenna arrangement as recited in any of claims 1-4, wherein the inner
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the inner |oop, wherein the radial connector is connected between the first
“leg and the second |eg. 3. The antenna arrangenent as recited in claim 2,
wherein the first leg is substantially perpendicular to the first ptane

adj acent to the outer |oop and wherein the 20 second leg is substantially

per pendi cul ar tolghe] SS«‘CC’aBd (gl a?e adjacent to the inner |oop. 4. The
ant enna ar r angenenty SEOPEE APEEPPIATALH ORFLIOAR 1-3, wherein the outer
loop is a first distance fromthe wi ndow, and wherein the radial connector

is a second di stéance The anteiraQuidideieut as WAL @inhnk BEcIARGONS! fhbiiRk B8lRRsing Al

| east three ti rres.eihe,fi rst 25 distance. 5. The antenna arrangenent "as
recited in any offiq§cHiceedium is disposed betwesa theipesr loop3md palgplops t ra¢  and
copl anar w th t heriitilrebdRben, 6. The antenna arrangement as recited in any
of clainms 1-5, further conprising a dielectric nmediumis di sposed between
the inner | oop and outer loop to elimnate arcing therebetween. 5 7. The
ant enna arrangem?nt adhe adennadrrpngemant apfecdbdinmmy of Gainisdr@vhertinehd inmer | oop

and outer |loop h i . that i mal | er thap the wavel ength
of energy tr ans%%? tag% 8?%?13% ﬂa‘,te%& g}é?ﬁ%“s% ﬂ‘*&g‘!&?‘?ﬂi ﬁsgsé??ilﬁE t&m’B{.ﬁe ’f‘ﬁ&el?aﬂﬂté?ﬁa
arrangenent as reodrgyemansmitedythrofighcth@hi@nd afangehenei n t he outer | oop

further conprises a second outer |loop turn disposed around the antenna
axis, and 10 whegreint he_ inner Ioogpfurthe. i,ses a secopd inner |oop

co
turn disposed ar g'und feTSE AL S regitedsin any O (UM 1o/ WRRGEHRRPuters

recited in clai mMdBpfieteeidmpriies $86MTbua IR thAUspobddiafound i HRASLHARRY e
the first outer |oop turn and wherein the second inner loop tam is

di sposed aboife therF‘inrtg"? innerdeop fughss compmses a seronsh inmes laop wen disposed wawrairthe oop
tutn and 15 the fiwmmh akigner loop turn effectively shield a terminal voltage
of the second outer loop turn and the second inner |oop turn. 10. The
antenna arrangenent as recited in any of clains 8-9, further conprising a
di el ectric medi u i s Heapbsaranpageetas leeitediin shainy 8 tehereirothp secondoutérieos econd

outer 100t Ur Nyund B8iebhdcs bindydU skt 0l heiSEENd.d anen  Loop turn
to elininate arcing th 0sC 1 ertlc%pr}um%gg wtheremt & §edbnd et loop hiin :
is disposed above the first inner loop turn, and wherein the first outer loop turn and
15 the first inner loop turn effectively shield a terminal voltage of the second outer loop

turn and the second inner loop tumn.

10.  The antenna arrangement as recited in any of claims 8-9, further comprising a
dielectric medium is disposed between the first outer loop turn, the second outer loop

turn, the first inner loop turn, and the second inner loop turn to eliminate arcing there

20 between.

11.  The antenna arrangement as recited in any of claims 1-10, further comprising

an RF power source éoupled to the inner loop and the outer loop.

12. The antenna arrangement as recited in claim 11, wherein the inner lodp and the

outer loop cooperate to form an azimuthally symmetric electric field inside the process
25 chamber with an RF energy generated by the RF power source, wherein the

azimuthally symmetric electric field forms a substantially azimuthally symmetric

plasma, which produces a substantially uniform process rate across a surface of a
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20 between. 11. The antenna arrangenent as recited in any of clains 1-10, .
further conprising an RF power source coupled to the inner |oop and the
outer loop. 12. The antenna arrangenent as recited in claim1l, wherein the
inner |oop and the outer |oop cooperate to forman azinuthally symetric
electric field inside the process 25 chanber with an RF energy generated
by the RF power $§Wisfrate disppred nsidetofithepricnsstdhamber. symmetric el ectric fiel d
forms a substantially azinmuthally symmetric plasma, which produces a

substantial l'y uni§or mrpl 9 I : urface .of 238 | suhstrate
di sposed inside of the pr oﬁégg c%gmn%gra??e?gigd%ﬁgygﬁﬁfgﬂlﬁ&?% F"ﬁtﬁﬁré’ﬁﬁ’ﬁf‘s‘ﬁga
recited in any ofirstlead eectticdly, cofinecteth 6 the irmgr losp B Bsechrid 184d di@atbally

el ectrically connect e%d {Oglat{k)llﬁgilnner | oop and a second | ead electrically

connected to thec%ﬁ’F“é?d 9®: The antenna arrangenent, as recited in
any of clains 1-13, wherein at |east one of the first outer |oop turn and

first inner Isoopl4.ur nThesangen8OaRingéent Gk ¢aEd itk of dRims D3, WRERR R least on
arrangenent, as {thetg%%ed in any of clains 8-14, wherein at |east one of the

second outer |00 Fot quter loerttyrtrnd fisg innes Ingp twin is aeomplete notéledtiral  gap a
radi al distance away fromthe antenna axis, further conprising a partial .

t t t he1sl0 ami b3 {2t ' 4,8t
urn to span theg aPtiemntcRad arﬁlﬁ@en‘iﬁﬁragkéﬁlt&hﬁl ARFof él?ﬂnts guﬁzl Whgre@_%gﬁas gt a

. . A 0N
radi al distance fromthe antenna axis that is equa era i8¢ ance

the azi nut hal gaff theseeonsirutasdooprivmsndsesrindinnerliéop tonphaa smazimuthebgpiangdial

apparatus for pr i . rising..a process chanber in

whi ch a plasma idg Eot ﬁ%%?@g%g%%%hg%g’%ac?%%sﬁEgpa‘??ﬁgg’éé%ﬁpﬁﬁﬁ‘ew a

wi ndow f or milfg eazipingthal ghp whercinrtecmsiial alia ifI6catei b irgiid] Aektdnbe Bbrh 8 inRGna
passage of RF ener %a&i.nt oalt hglwfpr Crediisﬁa chanber; and a nulti-layered antenna
‘adj acent to the WG e IP‘S 1cg thsagtmiial gap is droacthe pateriagkid. vi a RF
energy inside said process chanber, conprising: an outer |oop, conprising a

first outer |ood6tur i plasmoseckssiiDapparatud For p2bbeii L MBstBNd, SompikigIner | oop,
conprising a first inner |oop turn disposed around the

a process chamber in which a plasma is both ignited and sustained for said

processing;

15 a window forming a side of the process chamber configured to allow the

passage of RF energy into the process chamber; and

a multi-layered antenna adjacent to the window and configured to produce an

electric field via RF energy inside said process chamber, comprising;

o an outer loop, comprising a first outer loop turn disposed around the-

20 antenna axis;

an inner loop, comprising a first inner loop tum disposed around the
antenna axis, wherein the inner loop is closer to the antenna axis than the outer

loop is to the antenna axis in each azimuthal direction; and

a radial connector radially electrically connecting the outer loop to the
25 inner loop, wherein the radial connector is placed a large distance from the

window.
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antenna axis, wherein the inner loop is closer to the antenna axis than the
~outer |oop is to the antenna axis in each azinuthal direction; and a
radi al connector radially electrically connecting the outer loop to the 25
i nner | oop, wherein the radial connector is placed a | arge distance from
the w ndow. -39lJ,T T,Bﬁa qt?l asnma q%r ocessi ng apparatus as recited in claim 16,
wherei n the outer’| oop™ F¥M] FFGEERNZAPRRTANE &s Feeiind in glaingy g rdiereimthe owleelogp n

t he radi al conneBtadirstidsstahcs R6AIEE will - W in the
second di stance i s at | east t_h?gee ﬁdﬁﬁgﬁ‘?ﬁ‘éﬁeﬁﬁ%hwg@g‘%YBﬁ%%ﬁ’wA turn
for formng an afif@ngsdrom teprindov: ghareinghp besbed distundeagattieasithee tptes fielfgsta t am
formed around angagt&enna axis and wth a first end and a second end,
wherein the first end is notched formng a first cantilever portion and
wherein the second end is notched form ng a second cantilever portion; 10
a first electrich cdhnheefonforoumgrecnesni,compssifig r st cantil ever portion; and
a second electrical connector connected to the second cantil ever portion,
wherein the first el ' ctor and the second el ectrical connector
lie along a conmon %%éﬁhfsé@p?g%gﬁgn? ﬁ?%wgt%té‘“hﬁf"é‘ﬁldrﬂo 28 antpanaqyis and

met hod, for procediss figt endsmt 8 tsechd end; Mpreirsihe Gist BAGS nbBhddTBrSHPS iRt € i a
processi ng chamber V\/neé,gi:on tdge rocessi nr% chanber conprises a substrate
hol der wi thin t FEMEPYE RELiPR and whirpia iheeeond carl és nasghed formingdowcondwrntilengr a
side of the progeatwnng chanber, wherein an antenna is disposed outside the
chanber adjacent to the dielectric wndow, 20 providing a processing gas
into the chapber; usi the antenna to generate an azinuthally symetric
electric fiefd, wher éi%Fg?t cleptgical sprneaior eumwpeted sdhafirsteantlevérgopioncampr i si ng a
first outer loop turn disposed around an antenna axis, inner |oop,

comprising a first i88gbndQedidalbohnddSPORRLA! B Weodl SaRILRIRGRYT S

wherein the inner loop turn is closer to the antenna axis tha R& first 25
outer |oop turnvhereindhe fest elpgteionh sonnestor dnd thasseombzélentridablondléat@dicialihg aand a

radi al  connect ggmhadtAllsYa& | Ly connecting the outer loop to the
i nner | oop, wherein the s $aRirE ol Gtk Yo SRRNGE!

15 19. A method, for processing a substrate, comprising:

placing the substrate in a processing chamber, wherein the processing chamber
comprises a substrate holder within the processing chamber and a dielectric window
forming a side of the processing chamber, wherein an antenna is disposed outside the

chamber adjacent to the dielectric window:
20 providing a processing gas into the chamber;

using the antenna to generate an azimuthally symmetric electric field, wherein
the antenna comprises an outer loop, comprising a first outer loop turn disposed
around an antenna axis, inner loop, comprising a first inner loop turn disposed around
the antenna axis, wherein the inner loop tumn is closer to the antenna axis than the first
25 outer loop turn is to the antenna axis in each azimuthal direction, and a radial

connector radially elecﬁically cbnhecting the outer loop to the inner loop, wherein the
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-40 radial connector is placed a |large distance fromthe wi ndow to pr.ovide
a nore uniform electric field; formng a substantially azinuthally.

" symmetric plasma fromthe processing gas using the azinmuthally symetric
electric field; and 5 producing a substantially uniform process rate across

a surface of as strate, .hod eci.ted ncI m 19 erein
theuflrst out er u P%%cwr&é;]?ﬁ?géﬁﬁgeﬁ% ‘%e%“h'ﬁ?‘é I Wthé’“‘fv‘ clsatm?rﬁ;"l@’?h%olp

turn defines a W&Mane further conprising a first |leg extending from
the outer |oop and a second |l eg extending fromthe inner loop, 10 wherein

t he radi al connector |s connected between the first |eg and the second |eg.
21. The method, as r deqigge substantalbnapimuthaliy psanmetrip plapmg Em%mogessmg gas

substantial ly Qﬁh&iz sg,th: adj acent to the outer |oop -
and wherein thegge“? Mtﬁ&l}é su g%gaérll{c?zf@l@%g? pendi cul ar to the second

pl ane adjacent to the inner |oop. 15 22. The nethod, as recited in any of
claims 19-215 wherei mrqdn@ng)@wé}stant;@ib'qngfoan piopess rateldosesa asurfice ofe substrati.ndow,
and wherein the radial connector is a second distance from the w ndow,
wherein the second distance is at least three tines the first distance. 20
23. The method, as recited in any of clainms 19-22, wherein the inner |oop
is coaxial and coplanar with the outer |loop. 24. The nethod as recited in

any of clainms 19023, Thhwetiod as refiited m1¢1m19nwh¢r@mth%ﬁrsm@qsd@@dumeieﬁmm t he
| nner 100D and. Gl Sliel 90PuL bl 3) B iR LSRRI SR cpiishe ;17

net hod, as reci te in an erern Smgurt her
conprises a secdimlcgmmndingmmme ouii bppaelh seradriek @dmdmgtfmm&eammloop,nd

wherein the inn . o further conprises second Lnn op turn disposed
aound "t he. 4t orfkrei 9F radil SgesEr s rauiga be St phleEane fRRrosReeuner o n
the second outer | oop turn is disposed above the first outer |loop turn and.

wherein the second inner loop turn is disposed above the first inner |oop
turn, and further conprising shielding a terninal to voltage of the second

rol rn.,an nd inn I
oute oop tu ? d Il‘pe met%ct? ag rcclilte 1rn 01581%%0 erem thehﬁrstqeg 1s substantlally

perpendicular to the first plane adjacent to the outer loop and wherein the second leg

is substantially perpendicular to the second plane adjacent to the inner loop.
15

22.  The method, as recited in any of claims 19-21, wherein the outer loop is a first
distance from the window, and wherein the radial connector is a second distance from

the window, wherein the second distance is at least three times the first distance.

20 23. The method, as recited in any of claims 19-22, wherein the inner loop is

coaxial and coplanar with the outer loop.

24.  The method as recited in any of claims 19-23, wherein a dielectric medium is

disposed between the inner loop and outer loop to eliminate arcing therebetween.
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| outer loop turn and the first inner loop turn. 27. The nmethod, as recited
in any of clains 19-26, further conprising alternating the current through
the antenna at a frequency equal to the radio frequency. 15 28. The nethod,
as recited in claim27, wherein the frequency has a wavel ength, wherein a
conbined I ength of the inner | oop and outer loop that is less than the
wavel ength. 20 29. The nmethod, as recited in any of clains 19-28, wherein
at |east one of the first outer loop turn and first inner loop turnis a
conpl et e not ched2% ur rilhektholes meited delanyas clagd 19eTH, whe@hythe buted 186y EirtRG- 29,
wherein at |east_one of the  second outer |oop turn and second inner |oop
turn has an azi ntfOPREeSAA5cond onfer Igop %dﬁpwiﬁe@%%amﬁm@rﬁmh@dm@m@e axi's,
further compri siferdoddlithed odipidds b ScdPiindrSop mAdiGhoLL HARHRE! o N
the partial turn is |ocated at a radial di star?ce fromthe antenna axis
that is equaP to*™%e radial distance the azimuthal gap is fromthe antenna
axis. 31. A nethod, for processing a substrate, conprising 5 placing the
substrate within a processing chanber, wherein the processing chanber
conprises a substrate holder within the processing chanber and a dielectric
wi ndow form ng a side of the processing chanber, wherein an antenna is

di sposed out si - t hdhe mgedrasaefjitgd erlaim@ 5t Wherein dhessetaridoutsr habpwgrn iy ovi di ng
a process gas ing : ovi di a current throygh the antenna,
wherein the current gegggg%s fﬁ{)sFﬁ)lé%ﬂgﬂ;pn ﬁ’tanﬁgﬁ'ertegl © §9cpR mP‘?ftngptthf‘? rst

connector | eg t dlisposeddbaste thofinemhariodpiua, SR ceapieed Meldifga thRindl Second
| oop to an in the first |oop is disposed around an

tput.le wher e
ant enna axi gaﬁa'olt‘f?g%gg’(?cﬁﬁ‘ianSBﬁr ogp g gndthe segondangriloap; tumgwith the Sishd t he

‘ant enna axi s, mmfeeioepm}@aﬁdghgqirgtgﬁgrlb(gpﬁhpser to the antenna axis than the
second loop 15 is to the antenna axis in each azinuthal direction, wherein

the input leg, the first connector |eg, the second connector |eg, and the
output leg are parallel, and wherein the radial connector is displaced a
| arge di stance fromthe wi ndow and wherein the current flows through the

first 1oop and geconthd @edod,Rs tddReEid MRy 8t dfmb il@—@ﬁ,%ﬁhﬁ?@oﬁngﬂsin&ﬂ{eﬁﬂﬁﬁg axi S’

and
the current through the antenna at a frequency equal to the radio frequency.

15

28, The method, as recited in claim 27, wherein the frequency has a wavelength,
wherein a combined length of the inner loop and outer loop that is less than the

wavelength,

20 29, The method, as recited in any of claims 19-28, wherein at least one of the first

outer loop turn and first inner loop turn is a complete notched turn.

30.  The method, as recited in any of claims 25-29, wherein at least one of the
second outer loop turn and second inner loop turn has an azimuthal gap a radial

25 distance away from the antenna axis, further comprising a partial turn to span the
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20 using the current through the antenna to transformthe process gas to a
pl asma. 32. The nethod, as recited in claim3l, wherein the first |oop and
the second |l oop are concentric around the antenna axis. 25 33. The nethod,
as recited in any of clains 31-32, wherein the first | oop conprises a
first turn and a second turn, wherein the first turn defines a first plane
and the secop@nbihalNeAhelhdiein tike RenR4 RRSed WNLFRLAD disBRc bt th®h@BEnd S
spaced apart fromthe second plane and wherein the second | oop conprises a
third turn i rexihbasiecqwal tptheredialdistameg the dzmuthial gaprin fiom thhenfeimasaxipl ane.

34. The nethod, as recited in claim33, wherein the first plane is a first
distance fromthe dielectric window and the second plane is a second

di stance fromthe 5 dielectric wi ndow and wherein the radial connector is a

third distancy.frommidiod, dhrgiresebdin€a WILEaW, coMyiseid) the third distance is
at least three tines the first distance and wherein the third distance is

at least three ti : R Lt.ed in any
of clai msgi%l- 34, ﬁ%lﬁéﬁeégﬁ%%%s\?%%h%ﬁggﬁeﬁ%% %%%ﬁ%gg l&l?ers%rﬁtgéé% lPtl;lgough t he
ant enna at a dhamfeecomyprsgsiakutisoatetheldeadithirf the greassyng Gambdhendredibledricas
recited in clajg135, wherein the frequency has a wavel ength,. wherejn a
conmbi ned | engtRoeY Tomaing pside of rgvfdSBeE qrowberp@ anggtenp i igneged

wavel engt h, 'nh?t'h rr widgnna travel s a distance |ess
t han the 155%’51%1@ eﬁ%’?ﬁ?ﬁgf@ﬁ?‘ﬁgkﬁgﬁﬁﬁ?&gg recqﬁ’ed in any of clains 31-36,
wherein the first loop and the second | oop cooperate so that the providing
t he current throughotiimgagrecesagdsanwehachanaeryrut hal |y symmetric el ectric
field inside the process chanber with an RF energy, 20 further conprising:
form ng a substantially azinuthall mretric pl as fromthe i mut hal l'y
symmet ri 4° el ect ri PV ding CanPmgh HenienonoeberR B Py PRSE TR BBoss
Lﬁ;ﬁb:(r: r 0; f_) I}I]zd{qégal%ed 19t Rop WALt 8lrfectdt RR?S & tadifToffectr td B8eddn@cess

connector leg, to a second loop to an output leg, wherein the first loop is disposed

around an antenna axis and the second loop is coaxial to the first loop around the
antenna axis, wherein the first loop is closer to the antenna axis than the second loop
15  is to the antenna axis in each azimuthal direction, wherein the input leg, the first
connector leg, the second connector leg, and the output leg are parallel, and wherein
the radial connector is displaced a large distance from the window and wherein the
current flows through the first loop and second loop in the same direction around the

antenna axis; and

20 using the current through the antenna to transform the process gas to a plasma.

32.  The method, as recited in claim 31, wherein the first loop and the second loop

are concentric around the antenna axis.

25 33,  The method, as recited in any of claims 31-32, wherein the first loop
comprises a first turn and a second turn, wherein the first turn defines a first plane and
the second tum defines a second plane, wherein the first plane is spaced apart from the

second plane and wherein the second loop comprises a third turn in the second plane
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15

20
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and a fourth turn in the first plane.

34, The method, as recited in claim 33, wherein the first plane is a first distance
from the dielectric window and the second plane is a second distance from the
dielectric window and wherein the radial connector is a third distance from the
dielectric window, wherein the third distance is at least three times the first distance

and w_herein the third distance is at least three times the second distance.

35.  The method, as recited in any of claims 31-34, further comprising alternating

the current through the antenna at a frequency equal to the radio frequency.

36. The method, as recited in claim 35, wherein the frequency has a wavelength,
wherein a combined length of the first loop and second loop is less than the

wavelength, so that the current through the antenna travels a distance less than the

wavelength.

37. The method, as recited in any of claims 31-36, wherein the first loop and the
second loop cooperate so that the providing the current through the antenna forms an

azimuthally symmetric electric field inside the process chamber with an RF energy,

further comprising:

forming a substantially azimuthally symmetric plasma from the azimuthally

symmetric electric field; and

producing a substantially uniform process rate across a surface of a substrate

disposed inside of the process chamber.
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